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 This thesis is concerned with the photophysical and nonlinear optical responses, 
and applications of a set of conjugated polymers and small molecules in the visible and 
near-IR spectral regions. 
 Poly(phenylene ethynylene) PPE polymers were substituted with conjugated side-
arms in a cruciform fashion to determine the impacts of electronic coupling on the one-
photon (1PA), two-photon (2PA), and excited state absorption (ESA) properties of the 
co-polymer system. The cruciform-like PPEs showed significant changes in their 
nonlinear and phophysical behavior relative to their linear models, including shifts and 
splittings of the 1PA bands due to moderate mixing of the lowest singlet excited states, an 
increase in the 2PA cross section (δ) values, and an increase in the yield of triplet 
excited-state species. The cruciform-like PPE polymers exhibited effective optical pulse 
suppression of femtosecond and nanosecond laser pulses over a broad spectral range of 
~200 nm in the visible and near-IR. The suppression capability of the cruciform-like 
PPEs exceeded the best reported value for alkyl-substituted PPE polymers.  
 The spectroscopic effects due to conjugation length, structural configuration, and 
intramolecular charge transfer (ICT) are discussed for a family of bent donor-acceptor-
donor (D-A-D) -type conjugated oligomers, which incorporate electron-rich triarylamine 
donors and electron-deficient triarylborane acceptor units into its conjugated structure. 
These organoborane oligomers are highly fluorescent and exhibit strong 2PA in the 
visible region with δ values as large as 1410 GM, as well as overlapping ESA bands 
attributed to singlet-singlet and triplet-triplet absorption. Saturation of the molar 
xix 
 
absorptivity, ε, and δ was observed at less than two repeat monomer units due to 
conformational disorder in the oligomer with increasing length. Positive solvatochromism 
of fluorescence with solvent shifts as large as ~70 nm was observed as a result of ICT 
from the arylamine donors to boryl-centered acceptor sites. The excited-state dynamics 
also show sensitivity to the solvent environment. Experimental findings suggest that these 
organoborane oligomers may have potential use as nonlinear material for optical power 
limiting (OPL) and two-photon sensing applications.  
 The spectral properties of two bis-donor chromophores, 
(bis(diarylamino)biphenyl (TPD) and distyrylthiophene (DST), were investigated with 
and without the presence of AgNPs in order to better understand the local-field 
enhancement and subsequent effects on the photophysics and nonlinear behavior of 2PA 
dyes. While little changes were observed in the excited-state dynamics, measurements of 
nanoparticle aggregate-dye composite solutions with TPD revealed a 1.6-enhancement in 
the two-photon excited fluorescence signal. OPL measurements of nanosecond laser 
pulses at 532 nm revealed a reduction in threshold energy by a factor of 2 in solutions 
containing TPD and AgNP aggregates, relative to solutions of TPD alone. DST shows 
exceptional solubility (>1 M) in several organic solvents and exhibits a 2PA spectrum 
that overlaps well with its singlet-singlet and triplet-triplet ESA bands. Consequently, 
DST exhibits effective optical limiting of nanosecond laser pulses through two-photon 
induced excited-state absorption over a broad spectral range of approximately 200 nm in 






CONJUGATED ORGANIC SMALL MOLECULE AND POLYMERIC 
MATERIAL FOR PHOTONIC AND OPTOELECTRONIC APPLICATIONS 
 
1.1. Introduction 
 Since the invention of the laser, photonics has emerged as a multidisciplinary 
field of science and technology that has captured the imagination of scientists and 
engineers because of its potential applications. Photonics is an analog to electronics, 
where in place of electrons, photons facilitate the generation, transmission, modulation 
and other processes associated with the manipulation of light [1, 2]. Nonlinear optics is 
expected to play a large role in future photonic applications as nonlinear media have the 
ability to modify the frequency, polarization, amplitude or direction of the incident light 
[3]. Substantial efforts have been directed towards exploiting these nonlinear optical 
(NLO) phenomena in suitable materials for devices applications [2, 4].  
 Although all materials can exhibit some form of NLO phenomena under certain 
excitation conditions, conjugated organic materials are increasingly being recognized for 
their potential in NLO applications [3, 5, 6]. This is due to the highly delocalized π 
electrons in the conjugated framework of organics that are sensitive to subtle 
modifications in molecular structure and the surrounding medium, giving rise to 
significant changes in the optical and electronic properties [7]. Furthermore, as opposed 
to traditional inorganic NLO materials (such as GaAs and CdSe), organic materials offer 




Figure 1.1. HOMO (a) and LUMO (b) wavefunctions along with the ground- (c) and 
excited-state configurations (d) of hexatriene. 
 
tailoring their NLO and other properties. Organic conjugated materials also offer variety 
in their fabrication methods for constructing NLO devices. Depending on their molecular 
structure, conjugated organic molecules or polymers can be grown into single crystals [8, 
9] or processed into thin film structures via wet processing methods [10] (such as spin-
casting) allowing for potential mass production of NLO devices at relatively low-cost. 
 To briefly introduce the origin of the linear and NLO responses of conjugated 
organic materials, we can consider the factors influencing the polarizability associated 
with the transition between the HOMO and LUMO wavefunctions of a simple polyene 
molecule. As shown in Figure 1.1a and 1.1b, the bonding and antibonding character of 
the HOMO wavefunction of hexatriene translates to the double- and single-bond 
character of the geometry in the ground state. Upon excitation to the first optically-
allowed state, there is an instantaneous shift in π-bond density, such that the LUMO 
(Figure 1.1b) shows a complete reversal of the bonding- and antibonding-character in the 






Figure 1.2. Two-photon absorption spectra of D-π-D chromophores with varying π-
conjugation lengths. The molecular structure of the chromophores are depicted in the 
inset of the plot. Reprinted with permission from  Mariacristina Rumi; Jeffrey E. Ehrlich, 
Ahmed A. Heikal, Joseph W. Perry, Stephen Barlow, Zhongying Hu, Dianne McCord-
Maughon, Timothy C. Parker, Harald Röckel, Sankaran Thayumanavan, Seth R. Marder, 
David Beljonne, and Jean-Luc Brédas. J. Am. Chem. Soc. 2000, 122 (39), 9500-9510. 
DOI: 10.1021/ja994497s. Copyright © 2000 American Chemical Society. 
 
separation (Figure 1.1d). These large changes in electron density upon excitation 
correlate with large and fast polarizabilities observed in π-conjugated networks [7]. 
Third-order NLO processes can give rise to a multitude of phenomena including 
third-harmonic generation, self action (i.e. self-focusing, self defocusing, or self-phase 
modulation) [7], two-photon absorption [11, 12], degenerate four-wave mixing [13], and 
coherent Raman effects [14]. These processes are of interest for photonic applications 
such as all-optical switching (AOS) [15] and optical power limiting (OPL) [16], both of 
which are particularly important as laser systems are ubiquitous in information and 










identifying organic conjugated materials with large third-order NLO responses. Such 
materials are very desirable as they offer the  
potential of greater sensitivity, thus allowing for lower laser intensities to be utilized to 
generate various NLO processes.  
 Experimental and theoretical results have allowed for the identification of specific 
relationships between the molecular structure of the organic molecule or polymer and the 
magnitude of the third-order nonlinearity it exhibits. Marder and Perry et al. [17] showed 
that incorporating electron donors or acceptors in the terminal positions of linear 
conjugated molecules (so-called quadrupolar dyes) could induce intramolecular charge 
transfer (ICT) upon photoexcitation, resulting in exceptionally large two-photon 
absorption (2PA) relative to the unsubstituted analogue. The π-conjugated bridge is an 
important consideration in the design of organic third-order NLO materials. As 
demonstrated by Brédas et al. [18] and Reinhardt et al. [19], inserting highly polarizable 
or electron rich π-bridge molecules (such as thiophene or phenylene vinylene) between 
terminal donor or acceptor units can lead to significant enhancement of the third-order 
NLO response of an organic material [18].  
 An increase in third-order nonlinearity is also observed when the π-conjugated 
bridge is extended, as NLO response is a function of the molecular length [20, 21]. 
Similar increases in the magnitude of 2PA with length have been reported for 
quadrupolar molecules [17, 22]. As the charge separation between the terminal groups 
and the center of the molecule is increased, large changes in the quadrupole moment are 




Figure 1.3. (a) Example of energy-dependent transmission curve generated during OPL 
measurements, along with notation of relavant terms. Illustration of what occurs during 
the OPL process at TLin (b) and at TF (c). 
 
 Octupolar or multibranched chromophores are also of interest for third-order NLO 
applications [23, 24]. These structures generally consist of a central unit on which 
electron donors or acceptor substituents and/or conjugated segments can be attached in a 
trigonal arrangement [12]. Photoexcitation of octupolar dyes can result in charge transfer 
along the three different axes of the chromophore [23]. Although heavily investigated for 
their second-order  
nonlinearities, octupolar dyes show strong 2PA that can be utilized for third-order NLO 
applications, as well. 
1.2. Optical Power Limiting (OPL) 
 Optical limiters are devices that show high transmission at low fluencies, but 
strongly attenuate intense laser pulses at high fluencies [16, 25] (see Figure 1.3). These 
devices are of significant interest for the protection of sensors and of operators of high-
power laser systems. While there are a large number of schemes or devices that can 





























using NLO materials in which the sensing, processing, and a response due to changes in 
fluence are all accomplished essentially simultaneously. As opposed active optical 
limiters, OPL using NLO materials does not require the sending or receiving of electronic 
signals or the use of a sensor. The OPL response of NLO materials is an intrinsic physical 
characteristic allowing for such limiters to be effective with short optical pulses. Desired 
OPL materials exhibit high linear transmission (TLin) at low fluence, low turn-on energy 
or fluence threshold (ETh or FTh), and large pulse energy suppression at high fluence over 
a wide spectral and temporal range.  
 A number of third-order NLO processes have been demonstrated as effective 
means for achieving OPL. Instantaneous mechanisms, or processes in which the 
polarization density resulting from an applied electric field occurs immediately, include 
nonlinear absorption, nonlinear refraction, and nonlinear scattering [16]. Other methods 
are characterized as accumulative nonlinearities that develop and/or decay on timescales 
comparable to or longer than that of the incident laser pulse [25]. Such accumulative OPL 
methods include excited-state or free-carrier absorption. NLO materials that can give rise 
to instantaneous and accumulative OPL mechanism are very attractive as their efficacy 
can extend over a wide range of time domains. 
 The optical limiting phenomena was first reported in 1967 by Geusic, Singh, 
Tipping, and Rich at Bell Labs where single crystals of undoped and B- or P-doped 
silicon exhibited intensity-dependent transmission of nanosecond-laser pulses at 1064 nm 
[26]. In the 1980s, Van Stryland and coworkers demonstrated OPL using organic 
materials, wherein CS2 liquid solutions suppressed ns-laser pulses 1064 nm via self 
focusing followed by thermal nonlinearities at high fluences [27]. Pioneering work by 
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Heeger [28], Blau [29], Perry [30-33], Prasad [34-36], and many others have furthered 
the development of organic conjugated materials for OPL applications. Particularly, 
research in the Perry group has shown that π-conjugated polymers can exhibit broadband 
2PA-based OPL in the near-IR with unprecedented spectral coverage with bandwidths as 
large as 500 nm [37, 38]. 
1.2.1. OPL via Reverse Saturable Absorption 
 During the development of passive mode locking and Q-switching lasers, 
materials referred to as saturable absorbers were sought that would bleach or show 
transparency under intense optical irradiation. In 1967, Guiliano and Hess of the Hughes 
Research Laboratories discovered a process where materials did not bleach but absorbed 
more strongly as the incident energy increased [39]. The process is referred to as reverse 
saturable absorption (RSA) or one-photon absorption followed by excited-state 
absorption (1PA-ESA).  
 RSA is an accumulative OPL process that generally occurs in a molecular system 
when the cross section (or probability of absorption) in the excited state is larger than that 
of the ground state. For example, if we consider a three-level energy diagram (see Figure 
1.4a), with σ12 being larger than σ01 then RSA can occur in the molecule. Organic 
materials that exhibit RSA have shown to be very effective optical limiters for long pulse 
durations (>1 ns), but the usable spectral range and linear transmittance are compromised 
by linear absorption at the excitation wavelength. Nevertheless, the highest figure-of-
merit (FOM)i values to date have been attained via RSA [30, 31].  
                                                 
i For accumulative OPL process, the FOM can be defined as the ratio of the excited-state (σESA) and 




Figure 1.4. (a) Schematic three-level energy diagram and (b) illustration of nonlinear 
reponse of a reverse saturable absorber. 
 
1.2.1.1. Rates and Responses of RSA Limiters 
 The simplest case for RSA can be demonstrated using a three-level diagram (see 
Figure 1.4a). At low pulse energy, the transmission of a material is governed by the 
ground-state absorption and can be written as  
     TLin = exp(-σ01N0L)               (Eq 1.1)  
where σ01 is the cross section for the transition between states 0 and 1, N0 is the initial 
ground state population, and L is the length of the sample. At high input energy, however, 
the first excited state becomes sufficiently populated and the transmittance is then 
governed by the excited-state cross section (σ12): 
          TF = exp(-σ12N0L)               (Eq 1.2) 
 An illustration of the nonlinear absorption response of a three-level reverse 
saturable absorber is displayed in Figure 1.4b. As the figure illustrates, to achieve a 
strong optical limiting response, it is necessary to obtain large σ12/ σ01 value. Also, 
                                                                                                                                                 
TLin/TF, where TLin is the linear transmission and TF is the final transmission or the transmission just before 




optical limiting via RSA is not truly "limiting" as the transmittance continues to increase 
with energy; however, it does so more slowly. The three-level RSA model generally 
involves transitions to the singlet excited states of the molecule which have a decay of 10-
9-10-12 s; therefore, OPL via a three-electronic state model (or via singlet-singlet ESA) is 
effective for short pulse durations. OPL via RSA can also be achieved for longer pulse 
durations (>10-9 s) through the ESA of triplet or longer-lived species, such as radical ions. 
Taking into account additional photophysical processes, such as intersystem crossing, we 
will now consider a five-electronic state model of a reverse saturable absorber (Figure 
1.5).  
 Initial optical pumping of the molecule can promote an electron from the ground 
state to the lowest excited singlet state. Subsequent pumping may lead to RSA via 
singlet-singlet ESA, or if there is intersystem crossing on the time scale of the laser pulse, 
RSA via triplet-triplet ESA. We can use simple rate equation models in describing the 
electronic state population for the five-state model: 
        dN0/dt = -σ01N0φ  +  k10N1 + k30N3                (Eq 1.3) 
            dN1/dt = σ01N0φ  - (σ12φ  + k10 + k13)N1 + k21N2               (Eq 1.4) 
   dN2/dt = σ12φN1  +  k21N2                (Eq 1.5) 
        dN3/dt = -(σ34φ  +  k30)N3 + k13N1                   (Eq 1.6) 
      dN4/dt = σ34φN3  -  k43N4                (Eq 1.7) 
      N0(0)= N0(t) + N1(t) + N2(t) + N3(t) + N4(t)             (Eq 1.8) 
where φ is the photon flux, N is the number density of the subscripted state, and σij and kij 




Figure 1.5. Schematic five-level energy diagram and photophysical processes that can 
occur with a molecule. 
 
 
          
Figure 1.6. (a) Molecular structure of ((hexyl)3SiO)2SnPc and (b) 1PA (solid line) and 
triplet-triplet ESA (dotted line) of ((hexyl)3SiO)2SnPc in toluene. Reprinted with 
permission from Joseph W. Perry, Kamjou Mansour, Seth R. Marder, Kelly J. Perry, 







The model equations listed above assumes that no excited states are populated at t=0, 
such that N1(0) = N2(0) = N3(0) = N4(0) = 0. The propagation equation for a beam as it 
travels through a five-level RSA material along direction z is: 
   dφ/dz = -σ01N0φ  -  σ12N1φ   -  σ34N3φ             (Eq 1.9) 
An example of a molecule that performs OPL via RSA processes, including triplet-triplet 
ESA, is shown in Figure 1.6. Certain assumptions can be made to simplify the Eq. 9. For 
example, the populations of the high-energy electronic states (S2 and Tn) are negligible as 
there is rapid internal conversion from these high-energy states to the lower ones. Further 
discussion of RSA-OPL processes is provided by Perry [25]. 
1.2.2. OPL via Two-photon Absorption  
 2PA is an instantaneous nonlinearity that can be used to construct optical limiters. 
In contrast with accumulative RSA methods, 2PA involves the simultaneous absorption 
of two photons to promote an electron from the ground state to the two-photon allowed 
state of the molecule. The mechanism of 2PA can be thought of in terms of a three-level 
energy model. The intensity (I) of a laser beam as it traverses a 2PA material is given by: 
     dI/dz = -(α + βI)I              (Eq 1.10) 
where α is the linear absorption coefficient and β is the 2PA coefficient, which is related 
to the imaginary part of χ(3) by the following equation 
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         𝛽 = 3𝜔
2𝜖0𝑐2𝑛02
𝐼𝑚[𝜒(3)]              (Eq 1.11) 
If we assume there is no linear absorption (α =0) at the wavelength of interest, we can 
solve for Eq. 1.10 to determine the intensity-dependence equation for a pure two-photon 
process: 
    I(L) = I0/(1 + I0βL)             (Eq 1.12) 
where I0 is the input intensity, I(L) is the output intensity, and L is the length of the 
sample. Eq. 1.12, clearly demonstrates that as the input intensity is increased, output 
intensity is reduced, hence limiting occurs. We also see that OPL via 2PA is proportional 
to the input intensity, two-photon coefficient, and length of the sample.  
1.3. Issues with the use of NLO organic conjugated materials for OPL applications 
 Intensive fundamental research over the past thirty years has positioned organic 
NLO materials to make a technological impact in a variety of photonic applications. 
Particularly, for third-order NLO phenomena, the knowledge obtained from structure-
property studies has resulted in a plethora of discrete molecule and polymer systems that 
possess strong, third-order NLO responses, as well as the requisite properties for desired 
applications. Therefore, the question remains as to why organic NLO materials have not 
played a more central role in photonics, particularly for commercialized photonic 
devices.  
 To discuss where the bottlenecks exist for organic NLO materials, we must first 
consider the desired application. Particularly for OPL, many optical and material 
properties must be optimized. This is especially true for NLO materials that exploit both 
instantaneous and accumulative processes for limiting. As previously mentioned, the 
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effectiveness of accumulative NLO process for OPL depends on the rate of formation and 
decay of the excited states or free carriers. Should the dynamics of the absorbing states be 
significantly shorter than the duration of the laser-pulse, OPL will be ineffective. For 
example, if the excited-state lifetime of an NLO material is ~10-12 s, it will not serve as 
an effective limiter for nanosecond or microsecond laser pulses.  
 Organic materials offer the possibility of facile solution processing. However, 
conjugated molecules and polymers are known to exhibit strong intermolecular 
interactions due to their polarized π-systems, often referred to as π-π stacking [40, 41]. 
Due to π-π stacking and also due to potential solvation issues [42], many organic 
materials show a tendency to aggregate at high concentrations. Particularly strong 
aggregation due to non-covalent forces has been observed in conjugated polymers, 
resulting in supramolecule polymeric structures [43, 44]. These aggregation effects in 
conjugated organic systems can result in drastic changes in the linear and nonlinear 
optical properties of the material as well as and quenching of excited states [45], which 
may inevitably limit their usage in OPL. 
 The spectral coverage of limiters is becoming increasingly important as the 
wavelengths of commercially-available lasers can extend from the ultraviolet to the mid-
IR spectral region. Identifying OPL materials with accumulative nonlinearities that show 
high transparency >50% with broad and strong, excited-state absorption bands is 
difficult.  
 It has been deduced that FOMs of 103-105 [25] are required for the 
implementation of organic conjugated materials in commercially-viable OPL applications 
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according to ANSI standardsii. These large FOMs have not yet been achieved in single 
element organic conjugated materials. For accumulative OPL materials, increased FOMs 
would require significant increases in excited-state absorptivities. For instantaneous OPL 
materials, increases in the third-order NLO response is needed to achieve such goals.  
1.4. Aims and objectives of thesis 
 It is clear that fundamental physical chemistry work is required to aid in the 
development of organics for NLO applications. In this regard, we present a body of work 
that consists of a study of the photophysical and NLO responses of a set of conjugated 
organic molecules and polymers that are of interest for OPL applications. The objective 
of this work is to provide knowledge on potential strategies for improving the OPL 
performance of conjugated organic systems. Specifically, we explore how structural 
modification and plasmonic effects influence the OPL efficacy of organic conjugated 
systems. We also examine the optical properties and charge transfer character of pπ-
conjugated chromophores, which show potential as optical limiters via 2PA-ESA. While 
the FOMs obtained in this work are well below those required for commercially-viable 
OPL applications, the strategies presented here can be considered as a means to surmount 
some of the bottlenecks associated with organic conjugated materials as optical limiters.  
It should be noted that the work in this dissertation has not addressed that optimization of 
OPL devices based on materials with 2PA-ESA absorption properties but has addressed 
some of the important issues in OPL via 2PA-ESA materials, such as photophysical 
mechanisms, broad bandwidth optical response and strong nonlinear absorption.  
                                                 
ii The American National Standards Institute (ANSI) provides a list of standards and guidance for the use of 
protective eyewear, and other elements of safe laser use. 
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In Chapter 3, the spectroscopic effects due to structural modification of 
conjugated polymers are examined. We seek to determine if the coupling of conjugated 
side chains (with and without electron donating units) to a phenylene ethynylene (PPE) 
polymer backbone is an effective means towards yielding the band positions, bandwidths, 
2PA and ESA cross sections, and excited state lifetimes suitable for strong, broadband 
OPL in the visible and near-IR spectral regions. Expanding the understanding of 
electronic coupling in conjugated polymers with donor/acceptor repeating units, and thus 
how this coupling affects the linear and nonlinear optical properties of the composite 
polymeric systems, would provide additional strategies towards the design of organic 
polymers with strong nonlinearities for photonic applications.  
In Chapter 3, the following questions are addressed:  
1. How is the 2PA cross section and bandwidth affected when the conjugation is 
extended in more than one dimension in a conjugated polymeric structure? 
2. How are the ESA properties affected when the conjugation is extended in more 
than one dimension in a conjugated polymeric structure? 
3. How does the degree of electronic coupling compare to that of the small molecule 
analogue? 
 Chapter 4 serves to improve the understanding of the structural configuration and 
charge transfer characteristics of pπ-conjugated chromophores that are of interest for 
photonic applications. To do so, we investigate the spectroscopic changes observed upon 
extended conjugation in the 1PA, 2PA, fluorescence, and ESA characteristics of a family 
of donor-acceptor-donor (D-A-D) -type conjugated organoborane oligomers. 
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Solvatochromic measurements also provide discussion on the conformational changes, 
changes in radiative and non-radiative decay rates, and the strength of the ICT character 
experienced by these organoborane chromophores as a function of their local 
environment. An enhanced understanding of solvent-based changes in the optical 
behavior of quadrupolar dyes may allow for tuning of the optical band positions, band 
width, and absorption cross section values of multipolar chromophores without synthetic 
modification. Furthermore, solvent studies are particularly relevant to 2PA solution-based 
applications such as two-photon fluorescence imaging [46], two-photon photodynamic 
therapy [47], or OPL. 
In Chapter 4, the following questions regarding the optical properties of borazine 
oligomers are addressed: 
1. How are the linear and nonlinear optical properties of pπ conjugated systems 
affected by extending the conjugation length? 
2. What is the effect of solvent polarity on the steady-state absorption and emission 
properties of quadrupolar chromophores? 
3. What is the effect of solvent polarity on the ultrafast optical properties of 
quadrupolar chromophores? 
 In Chapter 5, we seek to gain a better understanding of the local-field 
enhancement and subsequent effects on the photophysics and nonlinear behavior of 2PA 
dyes in the presence of silver nanoparticles (AgNPs) and their aggregates. We also seek 
to probe whether enhanced nonlinear absorption by plasmonic effects can give rise to 
enhanced OPL of pulsed laser systems. To do so, we investigate the 1PA, 2PA, ESA and 
dynamics of two 2PA chromophores with and without the presence of AgNPs. We also 
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examine and compare the OPL properties of the 2PA dye and dye/AgNP aggregates 
solutions. Metal nanoparticles are very important in nonlinear optics as they have the 
ability to act as electric field intensifiers that may enhance the nonlinear behavior in a 
material. Such effects are of great interest for use in ultrafast optical switching and in 
OPL applications.  
In Chapter 5, the following questions are addressed: 
1. How is the 2PA band and cross section of a chromophore impacted due to the 
presence of AgNP and aggregates?  
2. How are the ESA properties impacted due to the presence of AgNP and 
aggregates?  
3. Does the presence of AgNP aggregates result in better OPL response of 2PA 
chromophores? 
 A summary of the findings and the conclusions drawn from these investigations 
are reported in Chapter 6. Ongoing investigations and potential future extensions of this 
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THIRD-ORDER NONLINEAR OPTICAL RESPONSES AND 
CHARACTERIZATION TECHNIQUES 
2.1. Introduction 
 As discussed in Chapter 1, organic conjugated molecules and polymers have 
made large impacts in the field of photonics. Because of their favorable material 
properties, much effort has gone towards identifying effective design strategies to 
improve the second- and third-order nonlinear response of organic conjugated materials. 
To provide additional discussion on the role of organic materials in third-order NLO 
applications, an understanding of the nonlinearities must be established. In this chapter a 
qualitative introduction to third-order nonlinear effects and two-photon absorption (2PA) 
is presented. Additionally, several characterization techniques will be discussed.  
2.2. Third-Order Nonlinear Effects 
2.2.1. A Microscopic Picture 
A molecular medium is generally nonconductive and nonmagnetic, therefore, the 
electrons in the medium can be thought of as being closely bound to the nuclei. When an 
atom or a molecule interacts with a low intensity incident electromagnetic field, such as 
an optical field, it can become polarized. The electron density of the medium is displaced 
will oscillate harmoniously away from the nuclear core creating a separation of charge, or 
an induced dipole, µ. This induced polarization is intrinsic to the medium and accounts 
for an abundance of optical properties exhibited.  
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The interaction of light with the medium is regarded within the framework of a 
dielectric interaction with an electric field. Such interactions can be described using the 
dipole approximation, where the charge distribution in the presence of the field is readily 
approximated by that of an induced dipole with a moment, µ: 
     µ = α E                          (Eq. 2.1) 
where α is the linear polarizability which consists of an in-phase component, α′, and an 
out-of-phase component, α″, such that α = α′ +i α″. E is the electric or optical field. Both 
µ and E are vectors with direction and magnitude. 
Although fairly accurate, Eq. 2.1 neglects some effects of the inherent properties 
of organic molecules. As discussed in Chapter 1, the π-conjugated network of organic 
materials allow for fast changes in electron density and thusly fast structural 
reorganization upon the lifetime of excitation (10-15-10-6 s). Therefore significant 
structural changes between electronic states are observed during excitation, resulting in 
heating effects due to structural reorientation (or nonradiative decay) from higher-lying 
electronic states to lower-lying ones. These heating effects are dependent on frequency of 
the optical field. Additionally, the polarization of a medium may not be the same for all 
directions, so the anisotropic nature of polarizability must be considered. Taking into 
account the above discussion, Eq. 2.1 can be rewritten as 
                              µi (ω) = ∑
j
αij (ω) Ej(ω)            (Eq. 2.2) 
25 
 
where the linear polarizability, αij (ω), is represented as a tensor that is sensitive to 
direction and the frequency of the field. 
Many areas of interest in optics involve nonlinear interactions that occur when the 
electromagnetic interaction becomes too large for the medium to continue to respond 
linearly. This causes the electron to oscillate anharmonically in response to the applied 
field. Therefore, when a molecule experiences a high intensity optical field, its induced 
polarization responds in a manner which is nonlinear with respect to the field strength. 
An exact solution for the functional form of μ is no longer valid and it is therefore quite 
common to express the total dipole as a Taylor series expansion in E [19]: 
      µi = µ0 + αij Ej + βijk/2 Ej Ek + γijkl/6 Ej Ek El  + …                   (Eq. 2.3) 
The terms beyond αE show a nonlinear dependence on E, and are what gives rise to 
nonlinear optical effects described in Chapter 1. The terms β and γ are the first- and 
second-order hyperpolarizabilities, respectively. It can be inferred from Eq 2.3, that the 
nonlinear polarizability terms become more important with increasing field strength.  
2.2.2. A Macroscopic Picture 
NLO device applications are based on bulk materials, rather than individual 
molecules. Therefore, it is necessary to understand nonlinear effects at the bulk, 
macroscopic level. The bulk properties of a material can be described in a similar fashion 
as what was presented above. In bulk materials, the linear polarization, P, is given by 
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        Pi (ω) = ∑
j
χij (ω) Ej(ω)            (Eq. 2.4) 
where χij (ω) is the linear susceptibility of a material. As in the case of α, χ is a tensor 
product and contains and in-phase and out-of-phase component. To relate Eq. 2.4 to 
observable properties, the Im{χij (ω)} is proportional to the dielectric constant,∈, and the 
Re{χij (ω)} is proportional to the refractive index of a material, n.  
 Under an intense optical field, we can again use a Taylor series expansion to 
describe the relationship of the material polarization to the incident field: 
      P = P0 + χ (1)  E + χ (2)  EE + χ (2)  EEE + …               (Eq. 2.5) 
where P0 is the static polarization of the material. In Eq. 2.5, the linear susceptibility is 
represented as χ (1). The higher-order terms are the second- and third-order susceptibility, 
respectively. As this study concerns the third-order NLO processes, the term of particular 
importance for this work is χ (3). Again, the Re{ χ (3)}is proportional to the nonlinear 
refractive index, n2, and the Im{ χ (3)}is proportional to the two-photon absorption 
coefficient, β, that lead to the phenomena of nonlinear refraction (NLR) and two-photon 
absorption (2PA), respectively. For the purposes of this work, only β and 2PA will be 
discussed. Other third-order NLO processes will be ignored.  
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2.3. Two-photon Absorption  
 In 1931 the pioneering work of Maria Göppert Mayer was published in her 
doctoral dissertation [1], wherein the author theoretically describes the process of two-
photon absorption:  the "simultaneous" absorption of two photons (of energy E1 and E2 ) 
by a material system. Unfortunately, it was not until thirty-years later, with the advent of 
the laser, that the experimental evidence of 2PA processes could be observed.  
 As discussed in the previous section, 2PA is a third-order nonlinear process. 
During 2PA, one photon is absorbed and promoted to a temporary or virtual state of E1 
above the ground state for a short time interval of τν (see Figure 2.1). If a second photon 




Figure 2.1. Schematic energy level diagram showing the non-degenerate and degenerate 
two-photon excitation of a molecule from its ground state (S0) to its two-photon allowed 
state (S2)  
 








Figure 2.2. Picture demonstration of the spatial selectivity of 1PA (left at 380 nm) 
vs.2PA (right at 760 nm) in a solution containing Fluorene3. 
 
during τν, the electron can be promoted to a two-photon allowed state, as determine by 
the symmetry of the molecule or bulk material. Unlike one photon absorption (1PA) 
whose probability is linearly proportional to the incident intensity, 2PA depends on the 
spatial and temporal overlap of the photons and is proportional to the intensity squared 
times the number of molecules in the cross section of the laser beam. The absorption rate 
therefore scales inversely with the area, resulting in highly localized photoexcitation with 
a focused laser beam (Figure 2.2). 
The strength or magnitude of the 2PA of a material can be described by the 2PA 














β is measured in units of m/W. For δ, the microscopic 2PA term is related to the second-
order hyperpolarizability,γ, such that 





           (Eq. 2.7) 
where n is the refractive index, c is the speed of light, and L is the local field factor. The 
units for δ are m4sphoton-1. We can relate the macroscopic and microscopic 2PA terms 
by the following equation: 
δ = β Eph/N             (Eq. 2.8) 
where Eph is the energy of the photon and N is the number of molecules. 
2.4. Characterization Techniques  
 In this dissertation, steady-state and ultrafast spectroscopic techniques were used 
to characterize the linear and nonlinear optical response of several conjugated organic 
molecules and polymers. Pump-probe transient absorption spectroscopy via femtosecond- 
and nanosecond-pulsed laser excitation was used to characterize the excited-state 
absorption and ultrafast dynamics of the organic materials considered in this study. Time-
resolved fluorescence measurements were performed in order to obtaine the lifetime of 
the fluorescence decay, and to estimate the rate constants for the radiative and 
nonradiative decays of organic fluorophores. To investigate the two-photon absorptivities 
of the organic material considered in this work, two-photon excited fluorescence (2PEF) 
measurements were performed. Finally, power-dependent nonlinear transmission (NLT) 
or optical power limiting (OPL) measurements were used to test the performance of 
potential materials for OPL applications. In the following section we will review various 
spectroscopic techniques in detail. 
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2.4.1. Steady-state Absorption Characterization Methods 
2.4.1.1. UV-VIS Absorption Measurements and Linear Absorption Parameters 
 Steady-state absorption measurements were performed using a UV-Vis-NIR 
scanning spectrophotometer (UV-3101PC, Shimadzu), and were used to determine 
various linear parameters. Molar extinction coefficients (ε) were obtained from a linear 
regression analysis of absorbance versus concentration using the Beer-Lambert equation   
           A(λ)=ε(λ)ℓC             (Eq. 2.9) 
where A(λ) and ε(λ) are the absorbance and molar extinction coefficient, respectively, 
that vary with wavelength λ, ℓ is the length of the cell, and C is the concentration of the 
material.  
 Steady-state absorption measurements were also used to determine the ground-
state cross section (σ01) of the materials using the following equation: 
     TLin=exp(-σ01N0L)          (Eq. 2.10) 
where σ01 is the cross section for the transition between states 0 and 1, N0 is the initial 
ground state population, and L is the length of the sample (see section 1.2.1.1).  
 Finally, the transition dipole moment (Mge) can be calculated as the integrated 
strength of the 1Ag→1Bu band according to [2-4] 
                       𝑀𝑔𝑒 = [
1500(ℏ𝑐)2 ln 10
𝜋𝑁𝐴𝐸𝑔𝑒
∫ 𝜀𝑔𝑒(𝜈)𝑑𝜈]1/2             (Eq. 2.11) 
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where NA is Avagadro's number, εge(ν) is the molar extinction coefficient at the 
wavenumber, ν, and the integral is performed over the 1PA band. 
2.3.1.2. Fluorescence Measurements and Fluorescence Parameters 
A spectrofluorometer (Fluorolog-2, Spex) was used for the measurement of 
steady-state fluorescence of all molecules considered in this study. All spectra were 
corrected via subtraction of the scattering response from the solvent and the spectral 
response of the instrument. Low concentration solutions (10-6 M) were used for all 
steady-state fluorescence measurements to minimize inner filter effects.  
 The fluorescence quantum yield (ΦFl) is an important parameter that describes the 
ratio of photons absorbed to photons emitted through fluorescence. This parameter is 
extremely informative as it provides the probability of the excited state being deactivated 
by emission rather than a non-radiative decay process, such as internal conversion, 
intersystem crossing, or energy or electron transfer [5]. Fluorescence quantum yields 
were determined using comparative methods [6] which involves the use of well-
characterized fluorescence standards with known ΦFl values. The unknown ΦFl values 
were determined using the following equation: 







              (Eq. 2.12) 
where Φ is the fluorescence quantum yield of the unknown, F is the integrated 
fluorescence, A is the absorption at the excitation wavelength, and n is the refractive 
index of the solvent. The subscripts u and r denote the parameter for the unknown and the 
reference sample, respectively 
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2.4.2. Ultrafast Characterization Techniques 
2.4.2.1. Pump-Probe Transient Absorption Spectroscopy  
 Transient absorption (TA) spectroscopy, or flash photolysis, has developed from a 
niche tool into a commercialized instrument that is ubiquitous among all science and 
technology disciplines [7].   
In TA spectroscopy, a fraction of molecules in the sample is promoted from the 
ground state to an excited state by means of optical pumping (pump pulse). A probe pulse 
is then sent through the sample with a delay τ with respect to the pump pulse. The 
intensity of the probe pulse is low, such that that multiphoton processes are avoided 
during probing. A transient optical density difference (∆OD) or absorption spectrum is 
then determined, which is the optical density of the excited sample (ODES)  minus the 
optical density of the sample in the ground state (ODGS), hence ΔOD = ODES - ODGS. By 
adjusting the time delay by τ with respect to the pump pulse, the spectral and temporal 
evolution of the TA features can be obtained. Kinetic decays at select wavelengths can 
also be obtained. In this work, TA measurements were performed using femtosecond- and 
nanosecond-pulsewidths to allow for the monitoring of various photophysical processes in 
different temporal regimes.  
Femtosecond Pump-Probe TA Experimental Methods 
 Femtosecond TA spectra and kinetic traces were measured with a commercially 
available broadband pump-probe spectrometer (HELIOS, Ultrafast Systems LLC) using a  
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Figure 2.3. (a) the optical layout and (b) photo of the HELIOS femtosecond TA 
spectrometer. Adapted with permission from Chi, S-H., Third-order Nonlinear Optical 
Properties of Conjugated Polymers and Blends, Ph.D. Thesis, The Georgia Institute of 
Technology, December 2009. Copyright 2009 © Georgia Institute of Technology.  
 
femtosecond Ti:Sapphire regenerative amplifier laser source (Spitfire, Spectra-Physics). 
The optical layout and image of the spectrometer is shown in Figure 2.3. The probe beam 
was produced by splitting a portion (~5%) of the laser source (800 nm, 1 kHz repetition 
rate) and focusing into a sapphire crystal in order to generate a white-light continuum 
(WLC; 400-950 nm). A tunable pump beam was generated by directing the remainder 
from the laser source to an optical parametric amplifier (OPA; TOPAS, Spectra-Physics) 
that produces tunable laser pulses over the range of 190 nm-2600 nm. The pump beam 
was chopped at 500 Hz to allow for the collection of a pumped (WLC plus pump) and a 
non-pumped (WLC only) sample spectrum, which were used to generate a transient ∆OD 
spectrum of the sample. The transmitted probe signal was collected using a fiber optic 
cable that was coupled to a multichannel spectrometer with a silicon CCD detector. 
Spectra at each time delay were averaged for 2-5 seconds. The linear and excited state 
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Figure 2.4. Schematic of the optical layout of the nanosecond TA experiment. 
 
photodegradation had occurred during the experiment. To correct for temporal dispersion 
of the probe light, a chirp correction function was obtained using spectrophotometric 
grade solvents and was applied to all spectra. All samples were prepared at moderate 
concentrations at ~10-4 M and were stirred continuously during measurements in 2 mm 
path-length fused silica cuvettes. 
Nanosecond Pump-Probe TA Experimental Methods 
For nanosecond TA measurements, two different ns-pumped optical parametric 
oscillator (OPO) lasers were used as the excitation sources:  MOPO 730, Quanta-Ray 
OPO and a premiScan-ULD, GWU OPO. The excitation source has been listed in the 
experimental section of each chapter. The white-light probe beam was produced by a 250 
W tungsten-halogen lamp (300 W radiometric power supply, model Oriel 69931, 






























the sample. For nanosecond transient kinetic measurements, the white light was focused 
onto the slit of a monochromator (Acton SpectraPro 2150i monochromator, Princeton 
Instruments) set to the selected probe wavelength and was detected using a high-speed 
InGaAs PIN photodiode (HCA-S-200M-Si, Femto). The temporal responses of 
oxygenated and deoxygenated samples (accomplished via purging with nitrogen gas) 
were compared in order to test for the presence of triplet species. To acquire nanosecond 
TA spectra, the transmitted white light probe beam was directed into a spectrometer 
(320PI, Acton) equipped with a gated-intensified CCD camera (ST-133, Princeton 
Instruments). A pulse delay generator (model 575, Berkeley Nucleonics) was used to 
control the time delay of the CCD gate relative to the pump pulse. The solutions used in 
these experiments were prepared at concentrations of ~10-5 M and contained in 1 cm 
cuvettes while stirring continuously. The optical layout of the ns-TA experimental design 
is shown in Figure 2.4. 
2.4.2.2. Time-Correlated Single Photon Counting (TCSPC)  
 Time-resolved measurements are widely used in fluorescence spectroscopy and 
can provide information not available from the steady-state data. For example, one can 
distinguish between static and dynamic quenching, determine radiative and nonradiative 
decay rates, or observe resonant energy transfer processes using time-resolved 
fluorescence spectroscopy.  
 Time-resolved fluorescence can be obtained either in the time-domain or 
frequency-domain. In the work presented here time-resolved fluorescence was obtained 
in the time-domain using time-correlated single photon counting (TCSPC) methods. 
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During TCSPC, the sample is excited with short pulsed excitation at a high repetition rate 
in such a manner that less than one photon is detected per laser pulse. The TCSPC 
method makes use of the fact that under low energy, high repetition rate excitation the 
probability of detecting one photon in one signal period is <<1. When a photon is 
detected, the time of the pulse is measured, allowing for a build-up of a histogram of the 
detection times. The time-dependent intensity of photon measured following the 
excitation is shown as a waveform and the fluorescence decay of the sample is then 
determined. 
Two TCSPC methods were used to determine the fluorescence decay of 
molecules and polymers mentioned in this work. The first method utilized a femtosecond 
mode-locked Ti:Sapphire laser (Mai Tai HP, Spectra-Physics) operating at 80 MHz with 
tunable wavelength range of 690-1040 nm as an excitation source. The output of laser 
was frequency doubled by a BBO crystal and was used to excite fluorescence from the 
molecules under study via one-photon excitation. The details of the experimental setup 
and the method of analysis have been previously described [8]. All samples were 
prepared in toluene at low concentration (~10-6 M) and were stirred continuously during 
measurements in 1 cm path-length fused silica cuvettes.  
In the second method, fluorescence lifetimes were measured using a LifeSpec II 
(Edinburgh Instruments) TCSPC system. In this measurement, a picosecond-pulsed diode 
laser (PicoQuant, LDH-P-C-375) with an excitation wavelength of 375 nm was used as 
an excitation light source. The detection system consisted of a high speed MicroChannel 
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Plate PhotoMultiplier Tube (MCP-PMT, Hamamatsu R3809U-50) and TCSPC 
electronics. 
2.4.3. Two-photon Characterization Techniques 
2.4.3.1. Two-photon Excited Fluorescence (2PEF) Measurements 
 Two-photon excited fluorescence (2PEF) is an indirect approach to determining 
the 2PA cross sections and spectra of a sample. During a 2PEF measurement, a sample is 
excited by a laser beam in a spectral region far from its one-photon absorption band. For 
2PA dyes, the excitation is confined to a small volume around the focus of the beam. 2PA 
dyes that are in this excitation volume will be excited to their two-photon allowed excited 
state and will relax quickly to their lowest singlet excited state where they, in turn, will 
return to the ground state via radiative (fluorescence) and non-radiative decay processes 
[9]. By monitoring the intensity of the fluorescence signal, it is possible to determine the 
relative 2PA spectra of a sample. Absolute 2PA cross sections can be determined by 
using a reference compound with well-characterized 2PA spectra. This method of 
characterization can be viewed as the nonlinear equivalent to a fluorescence excitation 
experiment. For materials with large intersystem crossing rates, a comparative method in 
which the two-photon-induced phosphorescence is measured can also provide 
information on the 2PA properties of a material [10, 11].  
 The benefit to 2PEF method over direct 2PA methods, such as Z-scan [12, 13] or 
nonlinear transmission [12, 14], is the broadband nature of the measurement. Originally 
used for two-photon microscopy [15], Webb and co-workers demonstrated that by 
sweeping the excitation wavelength, broadband 2PA spectra in the spectral range of 690-
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1050 nm can be obtained for commercial dyes via 2PEF measurements [16]. Makarov et. 
al. extended the range of the 2PEF experimental technique to 550-1600 nm, 
demonstrating the efficacy of 2PEF methods for broadband 2PA characterization [17, 
18].  
 Indirect 2PA characterization methods, such as 2PEF, are also highly selective for 
measuring only the 2PA contribution in a material.  Because the de-excitation process 
(fluorescence) is monitored, higher-order absorption and scattering processes (such as 
ESA) do not affect the δ values or 2PA spectra experimentally determined, regardless of 
the pulse duration. Thus, 2PEF measurements obtained via femtosecond- and 
nanosecond-pulsed or CW excitation show good agreement [16].  
Theory of Two-photon Excited Fluorescence Method 
 Referring to Eq 1.10, for the case in which the linear absorption is negligible 
(α=0), the attenuation of a laser beam as it traverses a 2PA material is given by  
         2/ IdzdI β−=                             (Eq. 2.13) 
where I is the intensity of the beam of frequency ν, z is the direction of propagation, and 
β  is the 2PA coefficient. Eq 2.5 can also be written in terms of photon flux (F) where 
F=I/hν, such that  
      2/ FhdzdF νβ−=           (Eq. 2.14) 
 In the absence of saturation or any subsequent photochemical processes, the 




          dzdFN Abs /
)2( =              (Eq. 2.15) 
The 2PA cross section (δ) of a material can be defined as δ= hνβ/C, where C is the 
number density of molecules in the sample. Thus, Eq 2.7 becomes 
         CFN Abs δ
2)2( =            (Eq. 2.16) 
 For a 2PA process, the number of excited molecules is given by )2(21 AbsN , where 
the factor 1/2 reflects the fact that two photons are needed to excite the molecule. 
Assuming there is no stimulated emission or self-quenching of fluorescence, the 
molecules excited via two-photon excitation may return to their lowest singlet excited 
state where emission can occur. The number of photons emitted due to 2PA ( )2(FlN ) is 
given by 
        CFNN AbsFl δηη 221)2(21)2( ==          (Eq. 2.17) 
where η is the fluorescence quantum yield.  
 As a matter of practice, the intensity of the signal collected by a detector used in a 
2PEF measurement is )2(FlNS Φ= , where Φ is the fluorescence collection efficiency of 
the measurement, which depends on the geometry of the experimental setup, the 
transmission and wavelength dependence of the optics in the path of the detector, and the 
quantum efficiency of the detector. Considering the second-order temporal coherence 
term of the excitation source, 22)2( )(/)( tFtFg = , S can be expressed as  
                       CFgS δη 2)2(21 Φ=          (Eq. 2.18) 
 It is observed from Eq 2.10, that a number of experimentally determined 




Figure 2.5. Schematic of the femtosecond 2PEF experimental setup used in this work. 
Reprinted with permission from Nikolay S. Makarov, Jochen Campo, Joel M. Hales, and 
Joseph W. Perry. Opt. Mater. Express, 2011, 1(4), 551-563. DOI:  
10.1364/OME.1.000551 Copyright © 2011 Optical Society. 
be used, a more common approach is to use a 2PEF referential technique during which 
fluorescent materials with known two-photon absorptivities are used as references. In 
most cases, for a 2PEF referential technique the value of δ for a sample is obtained by the 
equation 















=               (Eq. 2.19) 
where the subscripts s and r refer to the sample and reference material, respectively. The 
fluorescence collection efficiency will vary with experimental design. Eq 2.11 provides 
an example equation for the determination of δ using a two-arm 2PEF setup. 
Femtosecond Two-photon Excited Fluorescence Experimental Methods 
2PA cross sections (δ) were determined using 2PEF experimental methods with a 
femtosecond excitation source. A one-arm, dual-channel referential 2PEF technique was 
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utilized [18]. The excitation source was an optical parametric amplifier (OPA; TOPAS, 
Spectra-Physics) that produces tunable laser pulses over the range of 190 nm-2600 nm.  
The OPA was pumped by a Ti:Sapphire regenerative amplifier (Spitfire, Spectra-Physics) 
operating at a 1 kHz repetition rate. The output of the OPA was used to excite the two-
photon absorbing compounds under study and was weakly focused between two cuvettes 
in series containing the reference dye (r) whose 2PA properties have been well 
characterized and the sample of interest (s). Measurements were repeated with the sample 
and reference positions exchanged. At each wavelength (λ0), δ for the sample of interest 
was determined using the following equation: 























=              (Eq. 2.20) 
where C is the concentration, S is the detected 2PEF signal, φ is the differential 
fluorescence quantum yield at a common emission wavelength (𝜆′) for the sample and 
reference, superscripts r and s signify reference and sample of interest, respectively, and 
subscripts 1 and 2 indicate channel positions one and two. All samples were prepared at a 
concentration of ~10-5 M and contained in 1 cm path-length fused silica cuvettes. 
Nanosecond Two-photon Excited Fluorescence Experimental Methods 
A 2PEF characterization technique utilized a dual-arm system [16] excited using 
nanosecond laser pulses from a Q-switched Nd:YAG (Pro250, Quanta-Ray, ~5 ns pulse 
duration, 10 Hz repetition rate) pumped optical parametric oscillator (OPO) laser (MOPO 
730, Quanta-Ray), with a tunable wavelength range of 430-2000 nm. Solutions with a 
concentration of ~10-5 M were prepared and contained in a 1 cm path-length cuvettes. 
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Fluorophores whose 2PA cross sections and fluorescence quantum yields have been well 
characterized ( such as 1,4-bis(2-methylstyryl)benzene in cyclohexane [16, 19] and 
fluorescein in water at pH=11 [16]) were used as reference standards in these 
measurements. At each wavelength, δ for a sample was calculated using Eq. 2.11 . The 
experimental setup and method of analysis for both 2PEF experimental techniques used 
have been previously described elsewhere [18, 20].  
2.4.3.2. Power-dependent Nonlinear Transmission Measurements  
 Nonlinear transmission (NLT) is a direct method to measure the effective 2PA 
response in a nonlinear medium. During a NLT experiment, a sample is placed in a 
stationary position in the path of the excitation beam. The energy of the incident beam is 
varied over a range of pulse energies while the beam attenuation after it traverses the 
sample is measured. Because the transmission (or output intensity) of a NLO materials is 
energy dependent (Eq 1.12), NLT measurements can provide information regarding the 
magnitude of nonlinear absorption in a medium [12, 14].  NLT measurements using both 
fs- and ns-pulsed laser excitation were used to determine the efficacy of potential OPL 
materials by providing the change in transmission with respect to the incident energy of 
the pulsed laser.  
Femtosecond NLT Experimental Methods 
For fs OPL, samples were prepared at relatively high concentrations (~10-3 M) 
and contained in 1 mm path-length fused-silica cuvettes. The fs-OPA mentioned 
previously was used as an excitation source and the repetition rate was reduced to 50 Hz 
to minimize potential contributions from thermal nonlinearities. The excitation beam was 
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focused using a 50 mm focal length lens (f/20 geometry) with the focus placed in the 
middle of the 1 mm cuvette. The transmitted excitation beam as well as a reference beam 
(used to minimize pulse-to-pulse energy fluctuations) were detected using large area 
visible photoreceivers (model 2031, New Focus, Inc.) and integrated using Boxcar 
integrators (SR250, Stanford Research Systems). A scanning knife-edge method was 
used to determine the beam waist of the excitation laser pulse. The energies at the sample 
were measured using a power meter (PD300-UV-SH, Ophir) and were varied using a 
computer-controlled half-waveplate rotator (ESP300, Newport) in conjunction with a 
Glan-laser polarizer. Energy-dependent reference and excitation signals were acquired 
using a Labview-based data acquisition program.  
Nanosecond NLT Experimental Methods 
Nanosecond NLT measurements were performed similarly to the femtosecond 
measurements, using the ns-OPO as the excitation source described previously. The 
optical geometry was more tightly focused (f/5) than for the fs measurements. Sample 
solutions (~10-3 M) used in nanosecond OPL measurements were deoxygenated and 
contained in 1 cm quartz cuvettes which were stirred continuously. Z-scan measurements 
were used to place the focused beam in the center of the sample cell (Figure 2.6a). The 
beam profile of the ns laser pulses was obtained for numerical simulations using a 5 µm 
pinhole. An example of the profile of the ns laser pulses used in the NLT experiments is 





                    
Figure 2.6. (a) Typical Z-scan response acquired from a OPL sample in a 1 cm cell. (b) 






Figure 2.7. Schematic for the ns-pulsed NLT experiment. 
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SUBSTITUTED PHENYLENE ETHYNYLENE-BASED CO-
POLYMERS WITH ENHANCED BROADBAND NONLINEAR 
ABSORPTION FOR OPTICAL POWER LIMITING 
3.1. Introduction 
 
 Materials exhibiting strong nonlinear absorption (NLA) are of considerable 
interest for their use in photonic applications, such as dynamic range compression of 
optical pulse trains [1], loss-based optical switching [2], and optical power limiting (OPL) 
of intense laser pulses for the protection of optical sensors and human eyes [3-6]. The 
visible and near-IR spectral regions are particularly important for OPL given the 
ubiquitous nature of high-powered, frequency-agile pulsed laser systems. Materials for 
OPL applications should exhibit high optical transparency in the region of interest below 
a threshold power or energy, but above this threshold should show strong induced 
absorption over a large spectral and temporal range.  
 Early work on organic OPL materials mainly focused on small molecular systems 
whose nonlinear absorption properties arise from one-photon absorption (1PA) followed 
by excited state absorption (1PA-ESA), also known as reverse saturable absorption 
(RSA) [5, 7, 8].  OPL via RSA can be effective for long pulse durations (>1 ns), but the 
usable spectral range and linear transmittance (TL) are compromised by linear absorption 
at the excitation wavelength. Two-photon absorption induced excited state absorption 
(2PA-ESA) is an attractive alternative to achieve very high linear transmittance as the 
excitation wavelength for 2PA can be well below the 1PA edge, resulting in high 
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transparency over a larger spectral range. To achieve effective OPL through 2PA-ESA, 
however, several conditions must be met:  1) the positions, in terms of photon 
wavelength, for the 2PA and ESA bands must show significant spectral overlap with 
sizable two-photon and ESA cross sections, 2) 2PA and ESA bands should have 
relatively broad spectral widths, and 3) for limiting of femtosecond to nanosecond laser 
pulses, excited states must be formed rapidly, and the lifetime of the absorbing excited-
state species should be long-lived relative to the pulse duration (i.e. long-lived singlet or 
triplet excited states).  
Materials examined previously for 2PA-ESA based OPL in the visible region 
have focused mainly on either fluid solutions or polymer and sol-gel solid matrices doped 
with discrete organic molecules [9-12]. While large suppression values have been 
realized, relatively few materials have demonstrated effective broad bandwidth OPL [13, 
14].  Broader bandwidth response has been reported using either a tandem cell 
arrangement or a multi-component nonlinear absorber system, which may have issues 
associated with quenching, compatibility, and solubility [15, 16]. To address these issues, 
researchers have investigated the development of π-conjugated polymers with strong 
nonlinear absorption for OPL applications [17-22]. As opposed to discrete molecules, 
which generally show narrowband ESA spectra, π-conjugated polymers provide a large 
density of excited states and can display broadband ESA due, in part, to conformational 
heterogeneity within the polymer structure [23]. This, in turn, may result in broader 
spectral ranges for effective OPL than those observed in small molecule systems. 
Previous research in the Perry group has shown that π-conjugated polymers can exhibit 
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broadband 2PA-based OPL in the near-IR with unprecedented spectral coverage with a 
bandwidth as large as 500 nm [18, 19]. 
Poly(p-phenyleneethynylene) (PPEs) and poly(aryleneethynylene) (PAEs) 
derivatives have also been used to demonstrate OPL of nanosecond pulses at single 
wavelengths in the visible region via 2PA-based mechanisms [24, 25]. Broadband OPL 
within this family of polymers has not yet been demonstrated to date. This is likely due to 
a combination of narrow 2PA bandwidths with relatively low 2PA cross sections (δ), and 
rather short excited-state lifetimes. Previous studies of the two-photon spectroscopy of 
cruciform structures based on centrosymmetric and noncentrosymmetric oligo(phenylene 
vinylene)s [26, 27], oligo(phenylene ethynylene)s [28, 29], and phenylene vinylene / 
phenylene ethynylene co-oligomers [30-33] have shown that addition of electron donor 
and acceptor groups to the arms of cruciform structures can give rise to significant 
electronic coupling of the arms. This coupling impacts on the 1PA and 2PA band 
positions, strengths, and bandwidths [26, 33].  
In this chapter, we address the question of whether the coupling of conjugated 
side chains to a PPE polymer backbone can yield the band positions, bandwidths, 2PA 
and excited state absorption cross sections and excited state lifetimes suitable for enable 
strong, broadband OPL in the visible and near-IR spectral regions. Specifically, we report 
on the 1PA and 2PA spectroscopy, transient absorption spectroscopy and the OPL 
properties of two phenylene ethynylene (PPE)-based copolymers with conjugated side 
arms that result in a repeating cruciform-like structure in the polymer main chain:  one 
PPE polymer (see Figure 3.1) has a bis-(4,4’-isopropylstyryl)benzene group and the 
second bears a bis-(4,4’-alkylaminostyryl)benzene in the main chain of the PPE.  The 
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incorporation of a donor- π conjugated bridge-donor (D-π-D) group in the latter should 
impart a reasonably large 2PA cross section, due to the symmetric intramolecular charge 
transfer (ICT) upon excitation of the D-π-D system [34-36].  
3.2. Background 
 Since the ground-breaking discoveriesi of Alan Heeger, Alan MacDiarmid, and 
Hideki Shirakawa [37], conjugated polymers have revolutionized the field of photonic 
and optoelectronic devices. Conjugated polymers are organic semiconductors that have 
charge transport properties similar to their inorganic counterparts, but also offer the 
potential for mass production of devices via low-cost, wet processing methods, such as 
spin-casting or ink-jet printing. Furthermore, conjugated polymers provide a seemingly 
endless possibility for tailoring of properties due to the interplay of their geometric and π-
electronic structure. Consequently, conjugated polymers have transformed organic 
photonics and optoelectronics into a dynamic field of research and development [38, 39]. 
 PPEs and PAEs are a class of conjugated polymers that have garnered recent 
attention. Due in part to the rigidity of their polymer structure, PPEs posses interesting 
emissive properties, high photoluminescence efficiencies, and have shown their 
usefulness in detection of explosives [40], light-emitting diodes (LEDs) [41, 42], 
molecular wires [43], and as polarizers for liquid crystal displays [44]. This family of 
polymers also shows charge carrier mobility and has been incorporated into polymer 
field-effect transistor (PFETs) [45] and polymer solar cell devices [46]. The charge carrier 
mobility of PPE polymers has also been demonstrated. Furthermore, PPEs reportedly 
show better photostability than the more popular poly(p-phenylene vinylene) (PPV) [47]. 
                                                 
i The Nobel Prize in Chemistry in 2000 was awarded to Alan J. Heeger, Alan G. MacDiarmid and Hideki 

















Figure 3.1. Molecular structure of linear and cross-shaped chromophores and polymers 
considered in this work. 
 
  The nonlinear optical properties of PPEs have also been investigated. Prasad and 
coworkers reported a large 2PA section (δ = 196 x 10-48 cm4⋅s or 19,600 GM) for a 
poly(2,5-dialkoxy-p-phenylen ethynylene) derivative, and demonstrated  OPL at 810 nm 
with a figure-of-merit (FOM)ii of 3.3 [25]. Additionally, laser action in has been reported 
for PPE derivatives[48]. 
Despite the large δ values reported by Prasad and potential applications in 
polymer laser devices, the usage of PPEs in nonlinear optical applications has received 
little attention relative to other conjugated polymers, such as PPVs. Further investigation 
of the nonlinear optical properties of PPEs and their derivatives would provide additional 
insight towards effective design strategies for conjugated polymers for 2PA applications.  
                                                 
ii Figure-of-merit (FOM) defined as TLin /TF where TLin is the linear transmittance and TF is 




Figure 3.2. Normalized linear absorption (a) and fluorescence (b) spectra of 1-5 in 
toluene. Excitation wavelengths of λabs(1) of each molecule were used to receive 
fluorescence spectra. 
 
Specifically, furthering the understanding of the 2PA behavior of PPEs may increase 
their usefulness for optical limiting and two-photon fluorescence imaging applications. 
3.3. Photophysical characterization of PPE-based co-polymers 
 Figure 3.1. depicts the molecular structure of the molecules and polymers 
considered in this study. The photophysical characterization of 1-5 is described below. 
The experimental details are listed in section 3.6.  
3.3.1. Steady-state absorption and fluorescence measurements 
The one- photon absorption and fluorescence for molecules 1-5 are displayed in 
Figure 3.2., along with the corresponding spectroscopic parameters listed in Table 3.1. 
Excitation spectra of 3, 4, and 5 were also obtained and are displayed in Figure 3.3.  
Chromophores 1 and 2 show one-photon absorption wavelength maxima (λabs(1)) 
at 363 nm and 411 nm, respectively, with one prominent electronic absorption band that 
displays vibronic structure. The peak molar extinction coefficients (εmax) of 1 and 2 are  
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Table 3.1. One-Photon Spectroscopic Parameters for 1-5 (Solvent:  Toluene) 
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  396  455  423  442  530  
η
c
 0.93 ± .04 0.88 ± .02  0.79 ± .06  0.46 ± .03  0.34 ± .03   
a One-photon absorption maximum (λabs(1)) and peak molar extinction coefficient 
(εmax). b Transition dipole moment shown in Debye (1 D = 1 x 10-18 esu cm) was 
obtained as in ref 35; Mge=({750 ℏc(ln 10)/π2NA}∫{ε(ν)/ν} dν)1/2, where ε(ν) is the 
molar extinction coefficient (M-1cm-1) as a function of wavenumbers ν (cm-1), NA is 
Avagadro’s number, and ℏ and c are in cgs units. c One-photon fluorescence maximum 
(λfl(1)) and fluorescence quantum yield, η. The error reported is the standard deviation 
of the fluorescence quantum yields at different concentrations.  
 
  
relatively large (see Table 3.1.). Both chromophores are highly fluorescent (η > 0.8) with 
spectra that exhibit vibronic structure with a progression of several peaks, all of which 
suggest a relatively planar conformation of the lowest singlet excited state of 
distyrylbenzene (DSB) chromophores in toluene. The dialkyl-substituted p-PPE polymer, 
3 shows a broad, featureless absorption band (λabs(1) =390 nm), and characteristic PPE 
emission, with a strong 0-0 vibronic transition and a well-resolved shoulder. In contrast 
to the DSB chromophores, which display planar geometries in both the ground and 
excited states, PPEs can experience a large degree of torsion in the ground state due to 
rotation between adjacent phenylene ethynylene units within the polymer, resulting in a 
broad ground-state absorption band. In the excited state, however, the amount of rotation 




Figure 3.3. Normalized 1PA and fluorescence excitation spectra of polymer 3 (top) and 
co-polymers 4 (middle) and 5 (bottom) in toluene. The excitation spectra were recorded 



















































of quinoidal resonance structures, resulting in narrow emission bands as seen in Figure 
3.2 [49, 50]. 
The one-photon absorption spectra of polymers 4 and 5 exhibit noticeable 
differences relative to the spectra of model compounds 1 and 2 and polymer 3, as a result 
of the incorporation of 2,5-bis-isopropylstyrylphenylene or 2,5-bis-
diethylaminostyrylphenylene as polymer side chains. For example, the low energy 
portion of the 1PA band of co-polymer 4 is red-shifted in comparison to the PPE 
polymer, 3, and shows two shoulders at 405 and 420-430 nm, while the λabs(1) of 4 is 
slightly blue-shifted (<100 cm-1) from the position of the 1PA band of the DSB model 
compound, 1.  Similar shifts and splitting of electronic absorption bands have 
been observed for noncentrosymmetric benzene-centered cruciforms, where the 
significant overlap of the ππ* electronic absorption bands of the chromophoric arms 
results in moderate mixing of the lowest excited states of the components [26, 29, 51]. 
These cruciforms may also be  
described as oblique excitons [52] formed by two nonequivalent chromophoric units 
connected through a central aromatic ring. Such systems show one-photon allowed 
transitions to both excitonic levels of the coupled system, so that the higher energy 
absorption band has a larger contribution from the higher energy chromophoric unit and 
vice versa. In the case of 4, the 1PA spectrum of the co-polymer suggests that the higher 
energy peak is largely associated with the DSB absorption and the lower energy features 
are mainly associated with the PPE polymer spectrum.  It should be noted that the molar 
extinction coefficient of the DSB group is significantly larger than that of polymer 3. As 
a result, the peak at 360 nm is  
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significantly stronger than that of the lower energy shoulder we attribute to the PPE 
backbone absorption. 
The description above is additionally supported by the emission properties of 4: 
the emission of the co-polymer strongly resembles that of the lower-energy PPE unit 
irrespective of excitation wavelength (see Figure 3.3).  This result indicates rapid internal 
conversion (IC) from the DSB dominated exciton state to the lower energy PPE excitonic 
state. Indeed, the fluorescence spectrum of 4 is very similar in shape to 3, but shows a 
small red-shift (~20 nm) of the wavelength of maximum fluorescence (λfl(1)) indicating a 
stabilization of the lowest excited singlet state, possibly due to the effects of geometry 
changes and/or the electronic coupling of the DSB arms and the PPE backbone. 4 also 
shows a significant reduction of the fluorescence quantum yield (η) compared to each of 
the components, indicating that the addition of distyryl arms to the PPE polymer 
facilitates relaxation via nonradiative pathways. 
Somewhat different spectral changes were observed in the absorption spectrum of 
5 where, in contrast to 4, the electronic transition of the PPE polymer is at higher energy 
and the donor-substituted DSB chromophore is at lower energy. The 1PA of 5 shows a 
λabs(1) at 398 nm, which is close to the position of the PPE polymer, along with two weak 
shoulders at 430 nm and 450-460 nm that can be attributed to the vibronic features 
characteristic of  2. In addition, there is a significant red-shift of the absorption band-edge 
(~2200 cm-1) with respect to 2. These features can be rationalized in terms of excitonic 
coupling of the distinct units, as previously mentioned. The sizeable red shift of the 
bandedge of 5 relative to that of 2  is likely due to both an overall stabilization (diagonal 
shift) and an electronic coupling of the units (off-diagonal shift).  The small shift of λabs(1) 
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of the high-energy band observed for 5 with respect to 3, can be attributed to an offsetting 
of the excitonic splitting by the diagonal shift. It is possible that intramolecular charge 
transfer (ICT) between the donor distyryl arms and the polymer chain, may contribute to 
the magnitude of the exitonic coupling as well. Bunz and coworkers have reported that 
ICT transitions occur between largely spatially separated HOMO and LUMO frontier 
orbitals of the D/A-substituted arms of benzene-centered ethynyl/vinyl cruciform [30-32]. 
The above interpretation is further supported by through the emission properties 
of 5. As observed in 4, the emission spectrum of co-polymer 5 strongly resembles that of 
the arm with the lower transition-energy, irrespective of excitation wavelength (see 
Figure 3.3), suggesting that IC from the PPE excitonic state to the lower-energy, DSB-
dominated exciton state occurs. The λfl(1) of 5 is, however, substantially red-shifted (~75 
nm) with respect to 2, and the vibronic features seen in the DSB analogue are not 
preserved, suggesting partial ICT and/or torsional process in the co-polymer. Compound 
5 also shows a significant reduction of η (0.34) compared to 2 and 3. Furthermore, 5 
shows a large Stokes shift in toluene (~2870 cm-1) that is comparable to those observed in 
related dipolar molecules (specifically, the Stokes shift of (dimethylamino)stilbene in n-
hexane is ~2400 cm-1) [53].  
3.3.2. Solvatochromic shifts of absorption and fluorescence spectra  
 The observations of the 1PA and fluorescence spectra of 4 and 5 suggest that ICT 
between the distyryl arm and the polymer chain may contribute to the excitonic coupling 
and 2PA properties of these substituted PPE co-polymers. To add further discussion on 
the conformation and CT character of cruciform-like PPE co-polymers, the 1PA and 
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emission characteristics were obtained in solvents with different polarizability values. 
The steady-state spectra of 3, 4, and 5 in various solvents are shown in Figure 3.4. 
 Solvatochromic effects are observed in the 1PA spectra of 3. As shown in Figure 
3.4a, a slight hypsochromic shift of λabs(1) and slight narrowing of the 1PA band occurs as 
the solvent polarity is increased. In contrast to 3, very little solvent-based changes are 
observed in the 1PA band position of 4 and 5. Subtle changes are observed in the 
absorption tail of both co-polymers, which can be attributed to slight aggregation in the 
more polar solvents.  
 Polymer 3 shows significant solvent-based changes in its emission spectra, 
including the broadening of the 0-0 transition and an increase in the 0-1 vibronic band 
with increased solvent polarity. Similar changes in the emission spectrum of dialkyl-PPEs 
have been reported when these polymers (or long-chain oligomers) are placed in a films 
[54] or viscous solvents [49, 55], or when fluorescence measurements are performed at 
low temperatures [49]. Under conditions of a confining medium or low temperatures, 
smaller structural changes occur directly after excitation. The planarization of the 
polymer is thus hampered and is on the time scale of the fluorescence lifetime; therefore, 
PPE emission in highly viscous media and at low temperatures may take place from an 
excited-state population that is torsionally disordered as opposed to the preferred 
quinodial/cumulenic configuration of the S1 state. Although the solvents used in the 
solvatochromic measurements are not viscous, similar effects in emission are observed 
suggesting that the polarity of the solvent allows for an increase in emission from the 




Figure 3.4. 1PA and fluorescence spectra of PPE polymers 3 (a and d), 4 (b and e) and 5 (c and f) in solvents of different 
polarity:  toluene (Tol), CHCl3, tetrahydrofuran (THF), 1,1,1-trichlororethane (TCE), and dichloromethane (DCM). 
Fluorescence spectra were obtained by exciting at λabs(1) for all polymers. 
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Figure 3.5. Photograph showing fluorescence emission of 5 in various solvents under UV 
radiation. 
 
 Solvent effects are also observed in the emission spectra of 4 and 5. Similar to 3, 
the emission of 4 shows an increase in the 0-2 vibronic band along with broadening and a 
slight red-shift of λfl(1) (~3 nm) with increased polarity reflecting a greater change in 
geometry. Positive solvatochromism is clearly observed in the fluorescence of the co-
polymer 5 (see Figure 3.5). For example, a ~30 nm bathochromic shift of λfl(1) and slight 
broadening of the emission band can be seen in Figure 3.4f. Solvent-induced spectral 
changes in the emission of the co-polymers would suggest that, as in the case of dialkyl-
PPEs, 4 and 5 experience increased conformational disorder in more polar media; 
however, the relatively large shifts in λfl(1) observed in 5 (and not 4) indicate that only the 
donor-substituted co-polymer possesses moderate charge transfer character.  
3.3.3. Time-resolved fluorescence spectroscopy 
 As mentioned above, the substitution of PPE polymers by distyryl units has a 
pronounced effect on the fluorescence quantum yield of these chromophores. Time-
resolved fluorescence measurements were conducted in order to investigate the effect of 
Tol CHCl3 THF TCE DCM 
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the substitution on the fluorescence lifetime (τFL) of these polymers. The fluorescence 
decay of 1-5 are listed in Table 3.2. 
 The fluorescence lifetimes of 1 and 2 are slightly longer than 1 ns and are similar 
to those reported for 1,4-distyrylbenzene (measured in toluene) [56] and bis-(4,4’-
alkylaminostyryl)benzene (measured in acetonitrile) [35], respectively. Polymer 3 posses 
a significantly shorter fluorescence lifetime of 364 ps. In contrast to 3, the τFL for the 
cruciform-like co-polymers are 1.3 ns and 2.6 ns for 4 and 5, respectively. The 
fluorescence lifetimes of 4 and 5 are similar to those reported for cruciform small 
molecule analogs [31].  
 From the fluorescence quantum yield, η, and τFl, the rate constants for the 
radiative (kr) and nonradiative decay (knr) of the molecules can be determined using the 
following equation given by [57] 
              𝜂 = 𝑘𝑟
(𝑘𝑟+𝑘𝑛𝑟)
                  (Eq 3.1) 
                𝜏𝐹𝐿 = (𝑘𝑟 + 𝑘𝑛𝑟)−1                 (Eq 3.2) 
The kr and knr values are listed in Table 3.2. The DSB molecules show similar kr and knr 
values, suggesting that the substitution of the terminal amine groups results in very little 
Table 3.2. Fluorescence Lifetime (τFL) and Rate Constants for the Radiative (kr) and 
Non-radiative (knr) Decay Rates for 1-5 (Solvent:  Toluene) 
 1 2 3 4 5 
τFL (ns)a 1.25 1.44 0.360 1.32 2.58 
kr (108 s-1)  7.6 6.12 21.9 3.48 1.32 
knr (108 s-1)  0.400 0.834 5.83 4.09 2.56 
 
a Lifetime of S1 state after one-photon excitation at 376 nm. Fluorescence was 
monitored at λfl for each molecule. Concentration of samples were 10-6 M.  
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change in the decay pathways of DSB molecules. Polymer 3 shows relatively large kr and 
knr values, indicating that the polymer experiences a very fast and efficient decay from 
S1. There is a large reduction of kr when comparing 4 and 5 to the linear models. 
Furthermore, the knr of the co-polymers increases significantly relative to the DSB model 
chromophores. 
 The reduction of η and kr, along with the increase in knr observed in 4 and 5 may 
be explained by torsional fluctuations that lead to nonradiative decay associated with 
vibronic coupling due to the substitution distyryl units on the PPE main chain. Similar 
observations have been reported for PPE oligomers and polymers in viscous media or at 
low temperatures, where an increase in torsional motion increases the rate of nonradiative 
decay from the excited state [55]. The cruciform-like structure of the co-polymers 
provides for more torsional freedom than that available, and thus, the number of 
nonradiative decay pathways available to the co-polymer is increased.  
3.3.4. Two-Photon Spectroscopy  
In order to understand the 2PA properties of the cruciform-like polymers and to 
assess the potential spectral regions in which OPL via 2PA-ESA may be feasible, we 
have characterized the relevant nonlinear absorption properties of the cruciform-like co-
polymers.  We have obtained the 2PA spectra and 2PA cross sections (δ) of 1-5 via 2PEF 
using femtosecond pulses. 2PEF results are displayed in Figure 3.6 and Table 3.3.  
As shown in Figure 3.6, 1 has a 2PA band in the visible spectral region with a 
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Figure 3.7. Normalized one-photon excited fluorescence (1PEF) and fs 2PEF of 2(a), 
3(b), 4(c), and 5(d). Inset show a logarithmic plot of the dependence of the relative 2PEF 
signal () on the pulse intensity for each molecule along with a linear fit (—) and the 
slope of the results. The excitation wavelengths (λex) and emission wavelengths (λem) of 
each chromophore are listed in the plots. All samples were prepared in toluene. 2PEF 
measurements were carried out with samples at a concentration of 10-5 M.  
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molecule) at its 2PA maximum wavelength (λabs(2)) of 580 nm. These values are of the 
same order as those of 1,4-bis(2-methylstyryl)benzene in cyclohexane (160 GM) whose 
2PA properties have been well characterized [58, 59]. In the case of 2, the addition of 
terminal dibutylamine donors and thus the introduction of a “quadrupolar” geometry to 
the DSB structure results in a red-shift of λabs(2) (580 vs 720 nm) and an enhancement of  
δ, compared to 1. There is a large increase in δ in the 550-600 nm region which can be 
attributed to preresonance enhancement due to the proximity to the bandedge of the 
lowest one-photon transition [60, 61]. The donor-substituted DSB also shows a change in 
2PA band shape, exhibiting vibronic structure, along with a weak shoulder to the red of 
780 nm corresponding to the S0→S1 absorption band of 2. The enhancement of δ along 
with 2PA spectral changes observed in 2 vs. 1 are a due to photoinduced ICT from the 
terminal amine donor groups to the center phenylene ring, as previously demonstrated by 
Perry and coworkers [34].  
Polymer 3 shows marginal 2PA (δmax ≈200 GM) in the visible spectral region 
with λabs(2) at ~660 nm, a low energy shoulder at 702 nm, and preresonance enhancement 
Table 3.3. Two-Photon Spectroscopic Parameters for 1-5 (Solvent:  Toluene) 
 1 2 3 4 5 
λabs(2) (nm)a  580 718 656 708 748 
δmax (GM)a  317 844 200 395 595 
band area b (GM cm-1)  5.7 x 105 1.2 x 106 1.0 x 106 1.8 x 106 1.8 x 106 
 
a Maximum of the two-photon fluorescence excitation spectrum (λabs(2)) and peak two-
photon absorption cross-section (δmax). The maximum values were determined 
considering only areas absent of preresonance enhancement. b Band area obtained by 





at shorter wavelengths. The δ values reported here are substantially lower than those from 
Prasad and coworkers[25] who report of a poly(2,5-dialkoxy-p-phenylene ethynylene) 
derivative with δ = 196 x 10-48 cm4⋅s or 19,600 GM at 810 nm determined via nonlinear 
transmission (NLT) methods [62] using ~7 ns laser pulses. It has been shown that, under 
certain conditions, direct measurements such as NLT are not specific for 2PA and can 
contain contributions from higher order absorption and scattering processes which can 
occur at the high input intensities required for the measurement [16, 63, 64]. 
Additionally, δ values determined by using NLT methods have been known to 
significantly vary with laser pulse duration where substantially larger δ values are 
obtained with longer laser pulses, primarily as a result of 2PA-ESA, which leads to a 
larger excited state population [16, 65]. Polymer 3 shows sizeable ESA at 810 nm (vide 
infra); therefore, we attribute the aforementioned δ values to be an overestimation due to 
2PA-ESA, and suggest our δ values are a more accurate representation of the nonlinear 
absorption properties of dialkyl-substituted p-PPE polymers. Furthermore, we have 
demonstrated a quadratic dependence of the output fluorescence intensity of 1-5 on the 
input laser power, which verified that the δ values we report are solely due to 2PA (see 
Figure 3.7). 
Considerable changes in both band positions and δ values were observed when 
comparing the 2PA spectra of the distyryl-substituted PPE co-polymers to that of the 
linear models. The 2PA band shape of 4 and 5 are quite similar and are characterized by 
preresonance enhancement at shorter wavelengths along with a prominent transition at 
~710 nm and ~748 nm, respectively, followed by a lower energy shoulder. Both co-
polymers display an overall red-shift of 2PA band position with respect to the linear 
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analogues, resulting in sizable 2PA in the near-IR spectral region. Specifically, 4 and 5 
show red shifts in 2PA band-edge position of ~30 nm and ~150 nm, respectively, 
compared to polymer 3. Similar to what was discussed in the previous section, multiple 
states appear to contribute to the 2PA of co-polymers 4 and 5. For example, the 2PA of 4 
shows features at 570 nm and 650 nm that coincide with the λabs(2) of 1 and 3, 
respectively. The PPE-dominated transition at 650 nm is also observed for 5 along with a 
λabs(2) that is slightly red-shifted (~30 nm) from that of 2. The interpretation of these 
findings will be discussed later (see section 3.4). 
 A considerable increase in δ values was observed when comparing the PPE 
polymer to those with conjugated side chains. Co-polymers 4 and 5 show δmax values that 
are 2- and 3-fold larger than that of 3, respectively. An increase in δmax was also observed 
when comparing 4 to 1; however, a slight decrease in δmax was observed in 5 in 
comparison to 2. This is likely due to the slight reduction in the ground to lowest excited 
state transition dipole moment in the co-polymer compared to 2 (10.9 D vs 11.4 D).  
3.3.5. Excited-state absorption and transient kinetics 
In order to determine the strength of the ESA and dynamics of the PPE co-
polymers, transient absorption (TA) spectroscopy was performed following excitation 
into the lowest lying one-photon allowed state of all molecules and polymers considered 
in this study. Representative TA spectra and kinetics of 1-5 obtained via femtosecond 
excitation are displayed in Figure 3.8 and Figure 3.10, with relevant kinetic information 
displayed in Figure 3.9. 
As shown in Figure 3.8, the DSB model compounds, 1 and 2, show similar TA 




Figure 3.8. Femtosecond TA spectra of the linear model compounds and polymer in 
toluene:  1 (top plot), 2 (middle plot), and 3 (bottom plot) at various time delays. Inset:  
femtosecond TA of 1 (top) and 2 (middle). Excitation wavelengths were 350 nm, 380 nm, 
and 350 nm for 1, 2, and 3, respectively.All samples were prepared at concentrations of 





Figure 3.9. Representative femtosecond TA kinetic traces of 1, 2, and 3 at 750 nm 
overlaid with exponential fits. All samples were prepared at concentrations of 10-5 M and 
were excited with pulse energies of ~600 nJ/pulse. Excitation wavelengths were 350 nm, 
380 nm, and 350 nm for 1, 2, and 3, respectively. 
 
 
red of the one-photon absorption band due to stimulated emission (SE). The TA spectra 
above 500 nm and 560 nm for 1 and 2, respectively, can be assigned to excited-state 
absorption (ESA), and is structured with a well-defined peak at ~750 nm attributed to 
singlet-singlet ESA. The singlet ESA kinetic traces of the DSB chromophores are 
depicted in Figure 3.9 and well reproduced by a triexponential function with a risetime of 
~9 ps for an intermediate species, followed by short and long-lived decay components of 
260 ps and 1200 ps for 1, and 22 ps and 800 ps for 2. These time decays are consistent 
with those previously reported for unsubstituted trans,trans-distyrylbenzene where the 
multi- exponential decays were attributed to processes involving photoisomerization and 
emission [66, 67]. After the decay of the singlet species, a long-lived ESA band identified 
as a triplet-triplet ESA [56, 68] appears at 510 nm and 640 nm for 1 and 2, respectively 
(see insets of Figure 3.8). This triplet-triplet ESA is very weak and shows a small yield of  




















Figure 3.10. Femtosecond TA spectra of the PPE co-polymers at various probe delays:  4 
(top plot) and 5 (bottom plot). All samples were prepared at concentrations of 10-5 M and 
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~4% and ~7% for 1 and 2, respectively, which is expected given the high fluorescence 
yield of the DSB chromophores.iii  
In contrast to the DSB molecules, the TA of 3 shows a broad and structureless 
ESA band, with absorption extending from the visible to the near IR region. Time 
profiles of 3 displayed in Figure 3.9 reveal a biexponential decay with a fast component 
of ~4 ps, and a slower component with a time decay of ~350 ps. These time constants 
agree with the biphasic decays reported for phenylene ethynylene oligomers [55], with 
the shorter component (t < 50 ps) attributed to initial structural relaxation of the S1 state 
from a non-planar configuration to its preferred planar geometry, and the longer 
component corresponding to the decay of the relaxed S1 state.  
The TA of 4 and 5 depicts a combination of features from both the DSB 
molecules and PPE polymer. As shown in Figure 3.10, 4 shows broad ESA, similar to the 
PPE polymer, extending from the visible and near IR spectral region; however, like its 
DSB analogue, 1, the co-polymer exhibits a structured absorption profile with a singlet-
singlet ESA band that peaks at 730 nm and a long-lived ESA band that peaks at 530 nm. 
The ESA of 5 is also broad, but strongly resembles the DSB analogue, 2, showing a 
slightly blue-shifted singlet-singlet ESA band peaking at 720 nm that overlaps with a 
long-lived ESA band peaking at 680 nm. The long-lived components of 4 and 5 which 
show absorption at time delays  > 2.5 ns after the pump pulse that can be attributed to 
either long-lived singlet-singlet ESA or triplet-triplet ESA. 
                                                 
iii Triplet yields for 1-2 and 4-5 were estimated to be the quotient of the infinite component (𝑦0) and the sum 
of all amplitudes obtained from the exponential fit of the ground-state recovery:  𝑦𝑖𝑖𝑒𝑒𝑙𝑑𝑑𝑇𝑟𝑖𝑝𝑙𝑒𝑡 = 𝑦0/(𝑦0 +




      
Figure 3.11. Global spectral analysis of 4 (left plot) and 5 (right plot) excited at 350 nm 
in toluene. Errors associated with values were determined to be ±10%. 
 
Time profiles of the femtosecond TA measurements of 4 and 5 show multi-
exponential decays with a very long ("infinite") time component (y0). Because of broad 
and overlapping TA features, time decays at individual wavelengths gave conflicting 
results, thus a global spectral analysis methodiv was applied to the femtosecond time 
traces of polymers 4 and 5 to extract the spectrum corresponding to the components of 
the excited-state decay kinetics. The pre-exponential amplitudes of the time constants for 
4 and 5 have been graphed as a function of wavelength and are shown in Figure 3.11.  
It should be noted that different data analysis methods, such as multivariate curve 
resolution [69], can be used to extract the TA spectra and the relative concentrations of 
individual excited state components. Multiexponential curve fitting techniques, such as 
                                                 
iv The transient data of 4 and 5 were analyzed using by global nonlinear regression (global 
fitting) of multiple wavelengths with the following multiexponential function: ∆𝑂𝐷𝐷 = 𝑦0 +
𝐴1𝑒𝑒−𝑡−𝑡0/𝜏1 + 𝐴2𝑒𝑒−𝑡−𝑡0/𝜏2 + ⋯+ 𝐴𝑛𝑒𝑒−𝑡−𝑡0/𝜏𝑛, where y0 is the y-offset, t0 is the x-offset or 
time-offset with respect to the pump/pulse temporal overlap, A is the pre-exponential 
amplitude of a transient species with lifetime of τ. For TA with femtosecond laser pulse 
excitation, y0 is associated with an infinite component attributed to a long-lived singlet and/or 
triplet species that is considered infinite in the femtosecond timescale.   
























2.4 2.2 2.0 1.8
Energy (eV)



























those employed for global fitting analysis, suffer from issues of uniqueness associated 
with covariance. However, as will be discussed below, the long-lived time decays (~1 ns) 
of 4 and 5 determined via global fitting methods correlate well with the τFl values of the 
co-polymers (see Table 3.2). Additionally, the spectral position and band-shape of the 
infinite component of 4 and 5 agree with the ESA spectra of the co-polymers obtained via 
nanosecond TA (vide infra). For this reason, we consider the global analysis method 
utilized here reasonable representation of the numerous excited state components in these 
conjugated systems.   
Both polymers show an ultra-fast component (t < 50 ps) that is ascribed to 
structural relaxation due to planarization. 4 shows an additional short-lived component of 
130 ps, similar to the first relaxation time constant of 1. Both 4 and 5 show a strong 
component with a relatively long decay time of ~1100 ps that is on the order of their 
fluorescence lifetime (see Table 3.2); however, the shape of the long-lived component 
differs between the two polymers. As shown in Figure 3.11a, the long-lived component 
of 4 is the dominant decay component in the dynamics of the polymer. The spectrum is 
also structureless similar to the ESA band seen in 3. The long-lived component (~1100 
ps) in 5 is also strong, but is of smaller amplitude than the infinite component (y0). The 
infinite component of 5 also shows a structured band with a well defined peak that can be 
attributed to the ESA of DSB side chains. The fitting results from the global analysis 
suggests that both the DSB and PPE units of 4 and 5 strongly contribute to the S1-Sn 
transition of the co-polymer, providing information on the degree of mixing between the 




              
 
Figure 3.12. TA measurements 4 (a) and 5 (b) with nanosecond pulses in toluene at 
concentrations of 10-5 M: (a) global fitting of the decay kinetics of 4 at various 
wavelengths overlaid with the femotosecond TA spectra at a time delay of 2700 ps 
obtained from Figure 3.10; (b) ns-TA spectra of 5 at various probe delays. The excitation 
wavelengths were 355 nm and 465 nm for 4 and 5, respectively. Samples were excited 
with a pump energy of ~200 nJ/pulse. 
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Figure 3.13. Nanosecond TA decay kinetics of the triplet state of 4 (a) and 5 (b) obtained 
in deoxygenated toluene solutions at concentrations of 10-5 M. The excitation 
wavelengths were 355 nm and 465 nm for 4 and 5, respectively. Samples were excited 
with a pump energy of ~200 nJ/pulse. 
 
 
Nanosecond transient absorption was utilized to determine the lifetime of the 
infinite component from the ultrafast species for 4 and 5. Because of the relatively low 
yields of the long-lived excited-state species of 4 and the strong SE in the visible spectral 
region, the ESA of 4 were not obtained via nanosecond TA. Kinetic traces of 4 were, 
however, obtained and global fitting was utilized to correlate the excited-state species 
observed in nanosecond TA to the infinite component observed in femtosecond TA. The 
ESA spectra obtained for 5 also overlays well with the infinite components from the 
femtosecond TA. The relative ESA spectra and kinetics are displayed in Figure 3.12 and 
Figure 3. 13  
 The exited-state species observed via nanosecond TA for both 4 and 5 were 
assigned to the triplet state of these co-polymers, based on the oxygen quenching of this 
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component.v Nanosecond transient kinetic traces in the triplet-triplet absorption spectral 
region show monoexponential decays of 2 µs and 540 ns for 4 and 5, respectively (see 
Figure 3. 13). Triplet yields of 4 and 5 were determined to be 8% and 28%, respectively,iii 
and are significantly higher than those of both the DSB analogues and alkyl-substituted 
PPEs (~0.10) [70]. Although triplet excitons in PPE-derivatives have been previously 
identified, they are not easily formed by direct photoexcitation and generally require 
extreme conditions such as pulse radiolysis [71], low temperatures in viscous hosts or 
solvents [72], or an addition of a metal to the molecule to increase the rate of intersystem 
crossing and triplet yield [73, 74]. In contrast, the triplet excitons of 4 and 5 were easily 
generated under ambient temperature conditions and in nonviscous solvents, 
demonstrating an increase of intersystem crossing (ISC) brought upon by the substitution 
of the distyryl units. This is consistent with work from Curtis [75] and Kasha [76] in their 
study of luminescence in molecular aggregates where they reported on the enhancement 
of the triplet state formation followed by fluorescence quenching due to high efficiency 
triplet excitation in dimers. 
3.3.6. Concentration dependent excited-state measurements 
 Concentration-dependent femtosecond TA measurements were performed in 
order to investigate aggregation effects on the ESA and transient dynamics of 3-5. TA 
measurements for each polymer were performed in toluene at a concentration of 1 mM. 
As shown in Figure 3.14, the principal TA features of 3-5 are preserved at relatively high 
concentrations, with the exception of ISP which shows slight broadening of the ESA  
                                                 
v Nanosecond TA measurements were conducted in both oxygenated and deoxygenated solvent 
environments. A significant quenching of the absorption and lifetime of the excited-state species by singlet 






Figure 3.14. Femtosecond TA spectra and decay kinetics of concentrated solutions of 3 
(a and b), 4 (c and d), and 5 (e and f). Excitation wavelengths were 350 nm for 3 and 4 
and 480 for 5. Samples were prepared in CHCl3 at 1 mM and were excited with a pump 
energy of ~600 nJ/pulse. 
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band maxima at ~750 nm. The time profiles of all of the polymers show decay kinetics 
that are similar to those observed at lower concentrations. The behavior of 3-5 at 1 mM 
suggests that the substitution of the polymers strongly hinders π- π interactions in the 
ground state and, subsequently, excimer formation in the excited state. This is extremely 
important for the use of these crucifrom-like polymers in nonlinear applications that 
require a high concentrations of chromophores. Excimer formation can provide additional 
nonradiative decay channels that may, in turn, lead to significant quenching of excited 
state species.  
3.3.7. Wavelength-dependent optical limiting studies of PPE co-polymers 
 Co-polymers 4 and 5 exhibit 2PA bands with relatively large δ values that overlap 
with their singlet-singlet and triplet-triplet ESA bands, indicating their potential as optical 
power limiters via two-photon processes. To determine the optical limiting capabilities of 
these distyryl-substituted polymers, experiments were performed using femtosecond- and 
nanosecond- pulsed excitation on solutions at various wavelengths covering the visible 
and near-IR spectral region. The results are shown in Figure 3.15. 
 Both 4 and 5 show high transparencies (>65%) for all wavelengths considered, 
which is a desirable characteristic for an optical limiting material. The energy-dependent 
transmittance curves of 4 observed in the ns-pulse regime (Figure 3.15b) are 
characterized by a high turn-on energy and a subsequent steep reduction of the 
transmittance. Such energy-dependent curves are indicative of a limiting mechanism 
involving 2PA-ESA, which is expected given the high linear transmittance (TLin) of 4 in 
across the visible and near-IR spectral region (>94%). 5 shows lower TLin values in the 
ns-pulse OPL measurements compared to 4, resulting in energy-dependent transmittance 
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curves with a more gradual reduction of transmittance prior to the steep reduction, 
suggesting a 1PA-ESA contribution to the limiting mechanism. A gradual reduction of 
the transmittance of 5 is also observed in fs-pulse regime (see Figure 3.15c); however, 
especially in the case of 5 at 680 nm, the response is closely correlated to that of the 
solvent (CHCl3). 
 We can compare the OPL performance of the co-polymers by quantifying the 
nonlinear response in terms of the energy threshold (ETh) value and optical pulse 
suppression figure-of-merit (FOM) given by the following equations: 
        𝐸𝐸𝑇ℎ =
𝑇𝐿𝑖𝑛
2
                   (Eq 3.3) 
                         𝐹𝑂𝑀 = 𝑇𝐿𝑖𝑛
𝑇𝐹
                   (Eq 3.4) 
where FOM of the OPL performance is defined by the ratio of the linear transmittance 
and the final transmittance (TF). The ETh and FOM values for 4 and 5 are displayed in 
Table 3.4 and Table 3.5. The onset of attenuation due to NLA  begins at lower energies 
for co-polymer 4 in comparison to 5 in both the fs- and ns-time regime. For example, 4 
shows an ETh as low as ~140 nJ for fs pulses and ~57 µJ and ns pulses at 532 nm. 
Wavelength-dependent OPL studies of 4 show that the ETh and FOM values with the δ of 
the co-polymer in both the fs- and ns-pulse regimes, further suggesting that the limiting 
mechanism is 2PA-ESA regardless of the length of the laser pulse. The ETh of 5 also 
scales with δ; however, similar FOM values were determined over the wavelengths 
considered. Although the suppression values determined for 4 and 5 are lower than that 
those reported from other conjugated polymers in similar spectral regimes [18, 77] , it 




    
  
Figure 3.15. Broadband optical limiting of PPE co-polymers in solution:  (a) fs- and (b) 
ns-pulsed optical liming on solutions of 4; (c) fs- and (d) ns-pulsed optical limiting on 
solutions of 5. The OPL response of CHCl3 is also shown. Dotted lines depicting the ETh 
for each wavelength are overlaid with the energy dependent transmission curves for 
comparison purposes. All sample solutions were degassed and were prepared in CHCl3 at 
concentrations of 1 mM. Fs-pulsed measurements were conducted in 1 mm cells and ns-
pulsed measurements were conducted in 1 cm cells while stirring continuously. 


























































































Figure 3.16. Energy-dependent transmittance curves for ns-pulse OPL measurements of 
PPE polymer solutions (3-5) at 600 nm. Degassed polymer solutions were prepared in 
CHCl3 at a concentration of 1 mM. Measurements were conducted in a 1 cm pathlength 
cell while stirring continuously. 
  























Table 3.4. Energy threshold (ETh) values for wavelength-dependent optical limiting studies on solutions of 4 and 5 
 532 nm 600 nm 680 nm 720 nm 770 nm 
 




5.71 x 10-5 
4.33 x 10-
7 
3.36 x 10-4 
4.49 x 10-
7 
--- --- 1.45 x 10-4 --- --- 
5a --- --- --- 1.34 x 10-4 
solvent 
responseb 
1.83 x 10-4 --- --- 
5.60 x 10-
7 
1.02 x 10-4 
aAll ETh values are measured in Joules (J).  b The energy-dependent curves obtained from 5 at 680 nm with fs-pulsed excitation 






Table 3.5. Figure-of-merit (FOM) values for wavelength-dependent optical limiting studies on solutions of 4 and 5 
 532 nm 600 nm 680 nm 720 nm 770 nm 
 
fs ns fs ns fs ns fs ns fs ns 
4a 3.7 5.7 4.3 2.9 3.8 --- --- 3.5 --- --- 
5a --- --- --- 4.7 
solvent 
responsea 
4.3 --- --- 2.6 4.7 





limited solubility of 5. Co-polymer 4, however, shows relatively high solubility (>50 
mM) in organic solvents and, as δ is proportional to dye concentration, is expected to 
exhibit larger suppression values.  
 The OPL performances of the distyryl-substituted co-polymers were also 
compared to that of the dioctyl p-PPE polymer (3) and are displayed in Figure 3.16. 3 
exhibits a high ETh value of ~800 µJ, which is ~2 and ~6 times higher than that of 4 and 
5, respectively. Stark contrasts are also observed in FOM values. Polymer 3 shows a FOM 
of 2.0, which is considerably less than that of the distyryl-substituted co-polymers (see 
Table 3.5). The determined for 3 compares well to that of the alkoxy-substituted PPE 
derivative reported by Prasad and coworkers (FOM = 3.3 at concentration per repeat unit 
of 30 mM) [25]. As the TLin of 3 is ~1, the limiting in the PPE polymer is attributed to 
2PA-ESA. Therefore, it follows that the OPL performance of 3 does not compare 
favorably with that of 4 and 5, given the differences in δ among the polymers. 
3.4. Comparison of spectral features and electronic coupling observed in cruciform-
like PPE co-polymer to that of cruciform small molecules 
 
 As discussed above, the photophysical behavior of the cruciform-like PPE 
polymers give rise to interesting changes in 1PA, 2PA, and ESA characteristics with 
respect to the linear model compounds. We will also discuss the differences of the PPE 
co-polymers compared to the cruciform analogues. Specifically, we will compare the 
1PA and 2PA behavior of the polymers to the spectral properties that have been reported 
for small molecule analogs. We will also discuss the degree of electronic coupling within 
the polymer, and how the coupling of the conjugated side-arms to the polymer main 












6a:  R1=NEt2; R2=NEt2
6b:  R1=NEt2; R2=NO2
7a:  R1=H; R2=CH(CH3)2
7b:  R1=H; R2=NBu2  
Figure 3.17. Molecular structures of linear and cross-shaped chromophores reported in the 
literature and used as examples for comparisons in the present work. Molecule 6 was reported in 
Pond et. al. [26]. Compound 7 was reported in Siegel [77].   
 
 The molecular structures of the cruciforms reported in the literature that are being 
considered in this discussion are shown in Figure 3.17. All molecules show a two-dimensional 
architecture and can be described as possessing two linear units that are joined together through a 
central phenylene ring. While many other cruciform structures exist, we consider the compounds 
displayed in Figure 3.17 to be the most relevant for an accurate comparison to the PPE co-
polymers considered in this study.  
3.4.1. Comparison of 1PA and 2PA properties 
 Similar to co-polymers 4 and 5, the 1PA spectra of each four-branch chromophore is 
significantly different from that of the corresponding linear molecules. In general, the high-
energy absorption band is blue-shifted with respect to the linear models, or in the case of the
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non-centrosymmetric cruciforms, the linear model possessing the higher energy 
absorption band. An additional band or weak shoulder appears on the low energy side of 
the 1PA spectra of the cruciforms with tails that extend beyond that of the linear model or 
lower-energy linear model. This is most clear in the 1PA of 6b and 7a depicted in Figure 
3.18 and Figure 3.19, respectively. The significant splitting of the 1PA band of 6b and 7a 
contrasts to the modest spectral changes observed in the 1PA of the co-polymers. 
Whereas both co- polymers show a red-shift in the 1PA tail, the blue-shift of the higher-
energy band was small (<100 cm-1) and only observed in 4.  
 The cruciform-like PPE co-polymers also show differences in 2PA relative to 
their small molecules cruciform analogues. While the 2PA of the centrosymmetric 
cruciform, 6a, and the noncentrosymmetric, 7a, are quite similar to their linear models, 
significant changes are observed when comparing the donor/acceptor-substituted 
noncentrosymmetric cruciforms to their linear analogues. For example, 6b shows 
increased 2PA in the near-IR with a band maximum (λabs(2) = 830 nm) that does not 
appear to be closely related to the λabs(2) of ether 2 or Ph-2A (λabs(2) of 2 = 718 nm and 
λabs(2) of Ph-2A= 740 nm). Furthermore, 7b exhibits two 2PA bands:  a prominent peak at 
770 nm and a secondary band with a local maximum in the near-IR spectral region at 
~950 nm  which is beyond the 2PA region of both model compounds. The similarities in 
the 2PA band structure of 6b and 7b suggests that interactions between the donor and 
acceptor units governs the 2PA character of these noncentrosymmetric cruciforms. 
Indeed, Siegel demonstrated that in the case of phenylene vinylene / phenylene 
ethynylene based cruciforms with D/A groups, the λabs(2) overlaps with the CT band 


















Figure 3.18. Normalized 1PA and emission spectra (a) and molecular structures of 
chromophores (b) from Rumi et. al. The molecules Ph-2D and Ph-2Dx2A in Rumi et. al. 
are referred to as 2 and 6b, respectively, in this work. Reprinted with permission from 
Mariacristina Rumi; Stephanie J. K. Pond; Timo Meyer-Friedrichsen; Qing Zhang; 
Maximilienne Bishop; Yadong Zhang; Stephen Barlow; Seth R. Marder; Joseph W. 
Perry; J. Phys. Chem. C  2008, 112, 8061-8071. DOI: 10.1021/jp710682z. Copyright © 













13 14  
Figure 3.19. Normalized 1PA (a) ad molecular structures of chromophores (b) from 
Siegel. The molecules 12 and 13 in Siegel is referred to as 1 and 7a, respectively, in this 
work. Reprinted with permission from Siegel, N.N., Two-photon absorption in cruciform 
and dipolar chromophores: excitonic interactions and response to metal ions. Ph.D. 
Thesis, The Georgia Institute of Technology, August 2010. Copyright © 2010 Georgia 







  In comparison to the two distinct 2PA bands observed from 6b and 7b, 4 and 5 
show 2PA with maxima that overlap with the λabs(2) of the PPE polymer and the 
respective DSB molecules. Additionally, as opposed to the weak secondary 2PA 
transition in the near-IR observed from 6b and 7b, the prominent 2PA band of 4 and 5 is 
broadened and extends to regions of the spectra where nether 1-3 show 2PA. Based on 
earlier findings from Rumi et. al and Siegel, we can assume that the CT character in 4 
and 5 plays a slight role in the 2PA properties they exhibit. This is particularly true for 5 
which shows reasonable CT as evidenced by the positive solvatochromism observed in its 
emission. However, the overlap of the 2PA bands of 4 and 5 with that of their linear 
models would suggest the two-photon allowed states of the conjugated side-arms and the 
PPE main chain are not significantly coupled, and thus, are behaving independently.  
The increase in δ and the bandwidth of the 2PA band may also be ascribed to the 
increase in molecular size of the co-polymers. Yang et. al attribute the increased 2PA 
observed in donor-acceptor substituted anthracene-centered cruciforms to the increased 
molecular size of the cruciform relative to the one-dimensional analogues [79]. As the 
effective conjugation length of 
PPE polymers is ~9 repeat units, it is possible that the substitution may extend the size of 
π-conjugation substantially and provide more effective optical coupling between the 
ground and two-photon allowed states. This extended conjugation would increase the 
density of states and, in turn, increase the δ over a wider range of wavelengths [80, 81].  
3.4.2. Exciton analysis of PPE co-polymers 
To explain the spectral changes observed and to determine the degree of coupling 
between the conjugated polymer backbone and conjugated arms, we will utilize a 
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molecular exciton coupling model. According to molecular exciton theory, two molecules 
in close proximity (through intermolecular interaction or by virtue of covalent 
attachment) may interact through a coupling mechanism leading to a mixing of their 
excited-state wave functions [52]. This coupling results in both shifts and splittings of the 
electronic absorption bands of the resultant molecular aggregate or supramolecule. Perry 
and co-workers have previously shown that the molecular exciton model can be used to 
describe the degree of coupling between equivalent and nonequivalent oligo(phenylene 
vinylene) and phenylene vinylene / phenylene ethynylene chromophoric arms in 
cruciform oligomers [26, 78]. Because of the configuration of the repeat monomer units, 
this same approach will be used to rationalize the spectral properties observed for the 
substituted PPE co-polymers.  
A derivation of the excited-state energies for a non-identical dimer as a function 
of the properties of its subunits is given in detail by Siegel [78]. The distyryl-substituted 
PPE co-polymers can be divided into two linear nondegenerate units connected through a 
central aromatic ring at angle α. For this reason we will consider the electronic states of 
the DSB analogues (1 or 2) and the dioctyl p-PPE polymer (3) to describe the resultant 
electronic properties of the substituted polymer. It is noted that dioctyl phenylene is not a 
monomer unit of co-polymers 4 and 5. While the degree of electron donation may differ 
between ethylhexyl and octyl alkyl units, we assume that 3 provides an acceptable model 
for the coupling contribution expected from a dialkyl p-PPE to this particular cross 
geometry.  
The ground state interaction between nondegenerate units a and b results in an 
energy shift of the aggregate ground state due to the van der Waals interaction term 
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(Vggdiag). As described by Siegel [78], the lowest excited state energy of an aggregate 
composed of non-identical components can be written as 
















=±                 (Eq 3.5) 
where ±E  are the energies of the symmetric and antisymmetric combinations of the 
excited state wavefunctions, respectively, )(aeE  and )(beE  are the excited state energies of 
units a and b, )(aegE  and 
)(b
egE  are the one-photon ground to excited state (g→e) transition 
energies of units a and b, ∆Vdiag = Vegdiag - Vgediag is the difference between the van der 
Waals interaction energy between unit a in the ground state and unit b in the excited state 
(Vegdiag) and vice versa (Vgediag), and V is the coupling energy between the two units. A 
pictorial representation of Eq.3.5 and the relevant terms is depicted in Figure 3.20. 
 The excited-state, transition, and van der Waals energy terms for the PPE co-
polymers can be deduced from the 1PA measurements, allowing for the experimental 
determination of V using the following equation: 







               (Eq 3.6) 
 
where ∆E±(c) are the 0-0 transition energies of the exciton-like transitions of the PPE co-
polymers. The DSB molecules, 1 and 2, and the dioctyl p-PPE polymer, 3, has taken the 
place of units a and b from Eq. 3.5. The ∆Vdiag has been neglected, which is a common 
assumption in such cases [82].  
 Because of the spectral overlap of DSB molecules and the PPE polymer main 
chain, it is difficult to obtain V directly from the 1PA of 4 and 5. Therefore, an 
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approximate separation of the two linear components from the co-polymer 1PA spectrum 
was performed (see Figure 3.20). In the case of 4, the c+ band, which corresponds to the 
higher-energy component of the co-polymer, can be obtained by slightly shifting the 1PA 
of 1 (Spectrum I) to higher energy (Spectrum II), such that the peak position moves from 
27,590 cm-1 to 27,860 cm-1. As shown in Figure 3.20a, the high-energy side of this 
shifted spectrum is close to the actual 1PA spectrum of 4 (Spectrum III). A slight 
misalignment of Spectrum II and Spectrum III is observed between 30,000-33,000 cm-1, 
which can be attributed to the high-energy absorption of the PPE polymer backbone. The 
c- band (the lower-energy component of the co-polymer) is displayed as Spectrum IV and 
was obtained by subtracting Spectrum II from Spectrum III. Spectrum IV appears as a 
well-defined band peaking at 𝐸𝐸−(𝑐)= 25,090 cm-1. Using Eq. 3.6, the value of the coupling 
is then 1010 cm-1 or 0.12 eV. 
 The coupling of co-polymer 5 was determined in a similar fashion; however, 
because the PPE polymer is the higher energy unit, the 1PA of 3 was used. The coupling 
value of 5 was experimentally determined as 900 cm-1 or 0.11 eV. The coupling values 
for 4 and 5 are on the order of coupling energies calculated for noncentrosymmetric 
cruciform oligomers [78], suggesting similar electronic interactions occur within the 
repeating unit of the polymer despite the additional number of repeating units and 




Figure 3.20. Energy level diagram and schematic representation of the linear subunits 
that join together to make the molecular orbitals of the cruciform-like PPE polymers, 4 
(a) and 5 (b). Adapted with permission from Siegel, N.N., Two-photon absorption in 
cruciform and dipolar chromophores: excitonic interactions and response to metal ions. 
Ph.D. Thesis, The Georgia Institute of Technology, August 2010. Copyright © 2010 










































Figure 3.21. Linear absorption spectra of (a) 4 and (b) 5 depicting the approximate 
contributions of their respective linear units and excitonic band. I:  spectrum of 1 (a) or 
3(b); II:  spectrum of 1(a) or 3 (b) shifted to match the high-energy side of the co-
polymer; III:  spectrum of 4 (a) or 5(b); IV:  difference between III and II. 
  






















































 In summary, two phenylene ethynylene-based co-polymers with conjugated side 
chains were characterized via linear and nonlinear spectroscopic methods. The 
cruciformic-like configuration of the PPE co-polymer with its substituted styryl arms 
greatly enhances the nonlinear response compared to that of the alkyl-substituted PPE 
polymer, increasing the 2PA band area and 2PA cross section values considerably. 
Furthermore, the slight exciton splitting of the lowest singlet state results in strong, 
broadband singlet-singlet and triplet-triplet ESA with contributions from both the DSB 
model and PPE polymer. Because of the coupling between the polymer chain with the 
conjugated side-arms, an enhancement of triplet formation is observed, relative to the 
linear models. The overlapping ESA and 2PA bands of the cruciform-like co-polymer 
give rise to effective OPL of both femtosecond and nanosecond pulses via 2PA-ESA. 
OPL measurements suggest NLA bandwidths as large as 250 nm, extending from the 
visible to the NIR region. A comparison study of the OPL performance of the cruciform-
like PPE co-polymers to that of the linear PPE model reveals improved optical pulse 
suppression from the substituted polymers. Particularly for the donor-substituted 
cruciform-like PPE, the ETh was reduced by 650 µJ and a 2.3-fold increase in FOM 
(relative to the octyl-substituted PPE) is reported.  
 The 1PA and 2PA behavior and the excitonic coupling of the electronic states of 
the cruciform co-polymers were also investigated and compared to that of small molecule 
cruciform analogues. The coupling energy between the conjugated side-arms and 
polymer backbone were found to be of similar value to small molecule cruciforms, 
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presenting an interesting synthetic route towards selectively altering the 1PA and 2PA 
properties of conjugated polymers for NLO applications. 
3.6. Experimental Details 
 
Materials. The synthesis of 1-5 were performed by the Uwe Bunz Research 
Group, formerly of the Georgia Institute of Technology. The syntheses of compounds 1 
and 2 and polymers 3 and 5 have been reported previously [33, 35, 45, 83]. The synthesis 
of polymer 4, 2,5-bis(4-isopropylstyryl)-1,4-phenylene-co-alkyne-co-1,4-bis(2-
ethylhexyl)benzene-co-alkyne tetra-polymer, is described in elsewhere.vi Spectroscopic 
measurements were performed using toluene, chloroform, cyclohexane, methanol, and 
acetonitrile (spectrophotometric grade, Aldrich).  Coumarin 307, Coumarin 485, 1,4-
bis(2-methylstyryl)benzene, Fluorescein, and Rhodamine 590 (6G) dyes (Laser dye 
grade, Exciton) were used as reference compounds for quantum yield and 2PA cross 
section measurements. 
Spectroscopic Measurements. UV-Vis. absorption spectra were measured with a 
UV-Vis-NIR scanning spectrophotometer (UV-3101PC, Shimadzu). Polymer 
concentrations in this paper are specified as the concentration per terpolymer repeating 
unit. Peak molar extinction coefficients (εmax) per repeat unit were obtained from a linear 
regression analysis of absorbance versus the polymer concentration using the Beer-
Lambert equation. A spectrofluorometer (Fluorolog-2, Spex) was used for the 
measurement of fluorescence spectra. To obtain fluorescence spectra, all polymers were 
                                                 
vi The synthesis and characterization details of 1-5 are included in Distyryl substituted 
phenylene ethynylene polymers with broadband nonlinear absorption for optical power limiting in 
the visible and near infrared, Marshall, A. S., Sartin, M., Hales, J. M., Zappas, A. J., Zucchero, 




excited at their one-photon absorption maximum wavelength (λabs(1) ). All spectra have 
been corrected via subtraction of the scattering response from the solvent and the 
instrument’s spectral response. Low concentration polymer solutions (10-6 M) were used 
for all steady-state fluorescence measurements to minimize inner filter effects. 
Fluorescence quantum yields (η) were determined using Coumarin 307 in acetonitrile 
(ηstd=0.58) as a reference compound [84]. 
2PA cross sections (δ) were determined using two-photon excited fluorescence 
(2PEF) experimental methods with femtosecond excitation sources. A one-arm, dual-
channel referential 2PEF technique was utilized [85]. The excitation source was an 
optical parametric amplifier (OPA; TOPAS, Spectra-Physics) that produces tunable laser 
pulses over the range of 190 nm-2600 nm.  The OPA was pumped by a Ti:Sapphire 
regenerative amplifier (Spitfire, Spectra-Physics) operating at a 1 kHz repetition rate. The 
output of the OPA was used to excite the two-photon absorbing compounds under study 
and was weakly focused between two cuvettes in series containing the reference dye (r) 
whose 2PA properties have been well characterized (Coumarin 485 in methanol and 
Rhodamine 590 (6G) in methanol [86]) and the sample of interest (s). Measurements 
were repeated with the sample and reference positions exchanged. At each wavelength 
(λ0), δ for the sample of interest was determined using the following equation: 
 
where C is the concentration, F is the detected 2PEF signal, (φ) is the differential 
fluorescence quantum yield at a common emission wavelength (𝜆′) for the sample and 
























subscripts 1 and 2 indicate channel positions one and two. All samples were prepared in 
toluene at a concentration of ~10-5 M and contained in 1 cm path-length fused silica 
cuvettes. 
Fluorescence lifetimes were measured using time-correlated single-photon 
counting (TCSPC). A femtosecond mode-locked Ti:Sapphire laser (Mai Tai HP, Spectra-
Physics) operating at 80 MHz with tunable wavelength range of 690-1040 nm was used 
as an excitation source. The output of laser was frequency doubled by a BBO crystal and 
was used to excite fluorescence from the molecules under study via one-photon 
excitation. The details of the experimental setup and the method of analysis have been 
previously described [87]. All samples were prepared in toluene at low concentration 
(~10-6 M) and were stirred continuously during measurements in 1 cm path-length fused 
silica cuvettes.  
Femtosecond transient absorption spectra and kinetic traces were measured with a 
commercially available broadband pump-probe spectrometer (HELIOS, Ultrafast 
Systems LLC) using a femtosecond Ti:Sapphire regenerative amplifier laser source 
(Spitfire, Spectra-Physics). The probe beam was produced by splitting a portion (~5%) of 
the laser source (800 nm, 1 kHz repetition rate) and focusing into a sapphire crystal in 
order to generate a white-light continuum (WLC; 400-950 nm). The tunable pump beam 
was generated by directing the remainder from the laser source to the OPA discussed 
above. The pump beam was chopped at 500 Hz to allow for the collection of a pumped 
(WLC plus pump) and a non-pumped (WLC only) sample spectrum, which were used to 
generate a transient optical density difference (∆OD) spectrum of the sample. The 
transmitted probe signal was collected using a fiber optic cable that was coupled to a 
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multichannel spectrometer with a silicon CCD detector. Spectra at each time delay were 
averaged for 2 seconds. The linear and excited state spectra of the samples were 
monitored after every measurement to ensure that no photodegradation had occurred 
during the experiment. To correct for temporal dispersion of the probe light, a chirp 
correction function was obtained using spectrophotometric grade carbon tetrachloride 
(Fisher Scientific) and was applied to all spectra. All samples were prepared in toluene 
(concentrations at ~10-4 M) and were stirred continuously during measurements in 2 mm 
path-length fused silica cuvettes. 
For nanosecond transient absorption measurements, the ns-OPO described above 
was used as the excitation source. The white-light probe beam was produced by a 250 W 
tungsten-halogen lamp (300 W radiometric power supply, model Oriel 69931, Newport). 
The pump and probe were overlapped at a slight angle as they passed through the sample. 
For nanosecond transient kinetic measurements, the white light was focused onto the slit 
of a monochromator (Acton SpectraPro 2150i monochromator, Princeton Instruments) set 
to the selected probe wavelength and was detected using a high-speed InGaAs PIN 
photodiode (HCA-S-200M-Si, Femto). The temporal responses of oxygenated and 
deoxygenated samples (accomplished via purging with nitrogen gas) were compared in 
order to test for the presence of triplet species. To acquire nanosecond transient 
absorption spectra, the transmitted white light probe beam was directed into a 
spectrometer (320PI, Acton) equipped with a gated-intensified CCD camera (ST-133, 
Princeton Instruments). A pulse delay generator (model 575, Berkeley Nucleonics) was 
used to control the time delay of the CCD gate relative to the pump pulse. The solutions 
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used in these experiments were prepared in toluene (concentrations at ~10-5 M) and 
contained in 1 cm cuvettes and were stirred continuously.  
Energy-dependent OPL measurements were carried out using both femtosecond 
and nanosecond laser pulses. For femtosecond OPL, polymer solutions were prepared in 
chloroform at relatively high concentrations (~10-3 M) and contained in 1 mm path-length 
fused-silica cuvettes. The fs-OPA was used as an excitation source and the repetition rate 
was reduced to 50 Hz to minimize potential contributions from thermal nonlinearities. 
The excitation beam was focused using a 50 mm focal length lens (f/20 geometry) with 
the focus placed in the middle of the 1 mm cuvette. The transmitted excitation beam as 
well as a reference beam (used to minimize pulse-to-pulse energy fluctuations) were 
detected using large area visible photoreceivers (model 2031, New Focus, Inc.) and 
integrated using Boxcar integrators (SR250, Stanford Research Systems). A scanning 
knife-edge method was used to determine the beam waist, which was 17 ± 2 µm with a 
nearly Gaussian shape (M2 range of 1.1-1.2). The energies at the sample were measured 
using a power meter (PD300-UV-SH, Ophir) and were varied using a computer-
controlled half-waveplate rotator (ESP300, Newport) in conjunction with a Glan-laser 
polarizer. Energy-dependent reference and excitation signals were acquired using a 
Labview-based data acquisition program.  
Nanosecond OPL measurements were performed similarly to the femtosecond 
measurements, using the ns-OPO as the excitation source. The optical geometry was 
more tightly focused (f/5) than for the fs measurements. Sample solutions (~10-3 M) used 
in nanosecond OPL measurements were prepared in chloroform, deoxygenated and 
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THE TWO-PHOTON AND EXCITED-STATE SPECTROSCOPY OF 
DONOR-ACCEPTOR-DONOR TYPE BORAZINE OLIGOMERS 
 
4.1. Introduction 
 Substantial efforts have been directed towards identification of structure-property 
relationships of organic chromophores in an effort to design molecules with large 2PA cross 
sections (δ), along with optical and material features specific to particular 2PA applications [1-4]. 
For example, two-photon imaging applications require chromophores that are photostable and 
nontoxic, with high fluorescence quantum yields (Φfl), as well as sizable δ values [5, 6]. Such 
specificity of desired optical and material traits has resulted the exploration of a broad range of 
chromophores and structural motifs. 
 In particular, quadrupolar molecular configurations with electron donor (D) or electron 
acceptor (A) units, arranged in a general structure motif of D-π-D or A- π -A, results in more 
than a one order-of-magnitude increase in δ relative to the corresponding unsubstituted 
analogues due to symmetric intramolecular charge transfer (ICT) upon excitation [1]. Moreover, 
incorporating donor or acceptor units as side groups on the π-bridge (i.e. D- π-A- π -D  or  A- π -
D- π -A) resulted in increased δ values, further demonstrating the importance of ICT character of 
2PA chromophores [1, 2]. Increases in δ have also been observed in quadrupolar molecules when 
the conjugation length of the π-system is increased, as the charge is transferred over a longer 
distance [4].  
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 Surprisingly, only a few electron donor (e.g. diphenyl- or dialkyl-amino [1, 2, 4, 7, 8]) 
and electron acceptor substitutents (e.g. nitro [9, 10], sulfonyl [1, 8], and cyano [1, 2]) have been 
used in the design of carbon-based, 2PA chromophores. More recent work has incorporated boryl 
groups into the π-conjugated structure [11-13]. Because of its empty p orbital, three-coordinate 
boron is electron deficient and a strong electron acceptor. Furthermore, the vacant pz orbital of 
boron allows for conjugation in organic systems, giving rise to unique photophysical and 
electronic properties [14-16]. For example, organoborane chromophores possess interesting 
emissive properties and have shown their efficacy as two-photon chemosensors [17].  
 Discrete molecules that combine organoboranes with triarylamines have been 
investigated and show interesting nonlinear optical (NLO) properties [18, 19]. Notable work by 
Lambert [20-22], Müllen and Perry [23, 24], Wenger [25] and Marder [12, 16, 26] have shown 
dipolar, quadrupolar, octupolar, and dendrimer structures that possess δ values as large as 1300 
GM [13]. Polymeric systems of this type are comparatively less explored [27-29]. A high 
molecular weight linear polymeric system, in which arylamine donors and arylborane acceptors 
alternate in the polymer main chain, has been introduced by Jäkle and coworkers [30]. The 
investigation of such a D/A polymers pose important questions in regards to structural 
conformation, electron delocalization, ICT characteristics, and nonlinear optical properties in 
organoborane polymeric systems. Further study of the NLO properties of organoborane polymers 
may allow for new design strategies towards enhancement of 2PA and ΦFl  in organic 
fluorophores for 2PA-based fluorescence applications. Additionally, continued investigation of 
the photophysics and dynamics of organoborane 2PA dyes may present new candidates for other 
NLO applications, such as OPL [31].   
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 Comparative investigations of well-defined oligofluorenes (OFn) [32, 33], 
oligothiophenes (OTn) [34, 35], and oligoanilines (OAn)[36] (structures are depicted in Figure 
4.1) in what since has been termed “the oligomer approach” [37] have provided important 
information on the photophysical attributes and electronic structures of the corresponding 
polymers [38]. In the same regard, we report on a comprehensive study of the one-photon 
absorption (1PA), 2PA, and excited-state absorption (ESA) properties of well-defined 
organoborane oligomers with alternating triarylamine donor and triarylborane acceptor groups 
arranged in a quadrupolar and bent dipolar geometry. The alternating electron donor and acceptor 
pairing in these oligomers can be visualized as the linear counterpart to a π-expanded borazine 
reported by Jäkle et. al. [39], as such, the chromophores in this work have been coined as "linear 
borazine oligomers". Because the molecules feature strong donor and acceptor groups, 
interesting changes in the spectra and photophysics are expected with increased conjugation. We 
also examine the solvent effects on the photophysics of the chromophores in order to understand 
the structural conformation configuration and charge transfer characteristics of the oligomers.  
4.2. Background 
4.2.1. Organoboranes as Ambipolar Materials 
 Considerable efforts have been devoted to developing ambipolar molecules, in which 
donor and acceptor groups are linked by a π-conjugated bridging moiety [39-41]. They are 
attractive for applications in the area of materials science, such as electronic devices including 
organic light-emitting diodes (OLEDs) [40], organic field-effect transistors (OFETs) [42, 43], 
and organic photovoltaics (OPVs) [44], as well as for use in bioimaging and photodynamic 





Figure 4.1 Examples of well-defined conjugated oligomers with electron donor and electron 
acceptor moieties and structures of the linear borazine oligomers (BnNn+1) considered in this 
study. 
 
 Ambipolar molecules that combine organoboranes with triarylamines are attractive as 
multifunctional compounds. Triarylamines have been extensively exploited as p-type 
semiconductor materials that enable hole transport due to their inherent electron-donating 
capability [45, 46]. Among the wide range of n-type acceptor materials studied, triarylboranes 
bearing an empty p orbital are of particular significance since p-π orbital interactions with 
attached π-conjugated organic groups favor extended π-conjugation [14, 15]. In addition, the 






organoborane fluorophores as materials for sensing [47-52]. Therefore, such B/N compounds 
with the simultaneous n- and p-type behavior and the possibility for interesting ICT processes 
favor the exploitations in NLO materials [18, 19, 53], OLEDs [54-58], and luminescent anion 
sensors [39, 57]. 
4.2.2. Synthetic and Electrochemical Characterization and DFT Calculations on BnNn+1 
Oligomers 
 The work presented in this chapter is part of a collaborative effort between Ariel Marshall 
and Dr. San-hui Chi of the Joseph Perry groupi and Xiaodong Yin and Dr. Pangkuan Chen of the 
Frieder Jäkle groupii. The electrochemical measurements were conducted by the Jäkle group and 
are included here for additional background on this set of oligomers. The synthetic details can be 
found in Appendix A. 
 Electrochemical measurements were carried out with cyclic voltammetry and square 
wave voltammetry experiments, using THF as the solvent for reduction and CH2Cl2 for oxidation 
processes. The results are summarized in Table 4.1. All the oligomers are reversibly reduced and 
the redox potentials are reported relative to the Fc/Fc+ couple at 298 K. The first reduction wave 
for B1N2 was observed at E1/2 = –2.60 V, and those for the higher oligomers occur at 
increasingly less negative potentials. For the higher oligomers, successive reduction of the 
individual boron sites gave rise to multiple waves as a consequence of electronic interactions 
between the resulting radical anions in the conjugated chain. The square wave voltammetry plots  
 
                                                 
i The Joseph Perry group is associated with the Center of Organic Photonics and Electronics at the Georgia Institute 
of Technology.  




Figure 4.2 Square wave voltammograms for borazine oligomers provided by the Frieder Jäkle 
group in the Department of Chemistry at Rutgers University. a) Reduction in THF/0.1 M 
Bu4NPF6; b) oxidation in CH2Cl2/0.1 M Bu4NPF6; recorded vs. Fc+/Fc redox couple. 
 
are consistent with separate one-electron transfer reduction processes, with the exception that the 








Table 4.1 Electrochemical Data for Oligomers BnNn+1 
 B1N2 [a] B2N3 [a] B3N4 [a] B4N5 [a] 
Ep1red -2.57 (1e) -2.51 (1e) -2.49 (1e) -2.47 (2 e) 
Ep2red  -2.70 (1e) -2.62 (1e) -2.58 (1e) 
Ep3red   -2.76 (1e) -2.72 (1e) 
Ep1ox 0.46 (1e) 0.48 (2e) 0.47 (3e) 0.45 (3e) 
Ep2ox 0.60 (1e) 0.68 (1e) 0.66 (1e) 0.60 (2e) 
Ep3ox  1.01 [b] 0.95 [b] 0.89 [b] 
EHOMO[c] -5.26 -5.28 -5.27 -5.25 
ELUMO[c] -2.23 -2.29 -2.31 -2.33 
∆Egap 3.03 2.99 2.96 2.92 
 [a] Derived from square wave voltammetry data. [b] Assigned to further oxidation to dication 
states. [c] EHOMO = –(Ep1ox + 4.8)  (eV); ELUMO = – (Ep1red + 4.8) (eV). Values provided by the 
Frieder Jäkle group in the Department of Chemistry at Rutgers University. 
 
 In contrast to the reduction waves, which are generally well separated, the oxidation 
profiles in CH2Cl2 are more complex. Two reversible oxidation waves are detected for the D-A-
D species B1N2 at E1/2 = 0.46 and 0.60 V and they are easily assigned to successive oxidation of 
amines. All the higher oligomers give rise to three redox waves with different relative intensities. 
Based on the square wave voltammograms in Figure 4.2b, we assign the first two redox waves to 
2e/1e, 3e/1e and 3e/2e oxidation processes for B2N3, B3N4 and B4N5, respectively, resulting in 
the corresponding cation radical states. A third wave at higher potentials (>0.8 V) is attributed to 
further oxidation of the terminal arylamines to dication states. The imperfect reversibility of the 
oxidation processes for the higher oligomers in the CV plots could be due to partial 
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decomposition of the resulting highly charged species or possibly subsequent reactions of the 
radical cations generated at the electrode. 
4.3. Photophysical Characterization of Linear Borazine Oligomers 
4.3.1. Steady-State Absorption and Fluorescence Measurements 
 In order to understand the ICT and photophysical characteristics of D-A-D organoborane 
oligomers, we have investigated the relevant 1PA and emission properties of all molecules 
considered in this study. The 1PA and emission spectra of the linear borazine oligomers are 
displayed in Figure 4.3 with corresponding properties listed in Table 4.2. As shown in Figure 
4.3a, the 1PA spectra for all BnNn+1 oligomers are characterized by a dominant absorption band 
at ~400-430 nm, along with two high-energy bands at ~310 nm and above 250 nm. The lowest 
energy 1PA band can be assigned to an ICT transition from the diphenylamino groups to the 
triarylborane center. A structureless 1PA band, similar to that seen in Figure 4.3a, is generally 
observed for various multipolar triarylborane derivatives [59-61].  
 As is common in homologous conjugated molecules, the extension of the BnNn+1 
oligomer results in a red-shift of the lowest energy absorption band, an increase in molar 
absorptivity, εmax, and an increase in energy gap between the first and second 1PA transitions. 
The change in 1PA wavelength maxima, λabs(1) from ~400 nm for B1N2 to 423 nm for B4N5 is 
consistent with the change in HOMO/LUMO energy gap estimated via electrochemical methods 
(see section 4.2.2). The difference in λabs(1) between the longer oligomers (B3N4 and B4N5) is 
very small, suggesting that the effective conjugation length (nECL) of the oligomer has been 
reached. This is also consistent with the results from electrochemical studies mentioned 
previously (see Table 4.1). A comparable conjugation length of nECL = 5 has been  
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Figure 4.3. Comparison of normalized 1PA (a) and fluorescence (b) spectra of BnNn+1  
oligomers in hexane (excited at λabs(1)). 
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Table 4.2 Experimental one-photon spectroscopic parameters and fluorescence lifetimes 
BnNn+1 oligomers 
 
B1N2 B2N3 B3N4 B4N5 
λabs(1)  (nm)a  398 414 420 423 
εmax (104 M-1cm-1)b  3.9 7.3 9.7 12.0 
λfl  (nm) c 424 432 435 437 
Φfl c 0.77 ± 0.05 0.65 ± 0.06 0.72 ± 0.00 0.72 ± 0.05 
τfl (ns)d 2.04 1.89 1.70 1.69 
kr (108 s-1)d 3.79 3.46 4.23 4.24 
knr (108 s-1)d 1.11 1.83 1.65 1.67 
aOne-photon absorption maximum (λabs(1)) determined in hexane. bPeak molar absorptivity 
(εmax) determined in toluene.  cMaximum fluorescence maximum wavelength (λfl) and 
fluorescence quantum yield, Φfl determined in hexane. The error reported is the standard 
deviation of the fluorescence quantum yields at different concentrations. dFluorescence 




reported for the fluoreneborane oligomers OBn [62] while a corresponding data analysis has to 
our knowledge not been performed for oligoanilines, OAn. 
 Photoexcitation of BnNn+1 oligomers in hexane resulted in blue emission with the 
wavelength of maximum fluorescence (λfl) ranging from ~420-440 nm and large fluorescence 
quantum yields (Φfl) of > 0.65 listed in Table 4.2. The emission bands are somewhat narrow in 
width and there is minimal vibronic structure, suggesting a primarily planar excited state with a 
small amount of photoinduced ICT character. A bathochromic shift in λfl was observed with 
increased chain length. The extension in conjugation in the BnNn+1 oligomers has very little 
effect on Φfl, whereas a slight decrease in the fluorescence lifetime (τfl) of the oligomers occurs 
upon chain extension from ~2 ns for B1N2 to ~1.7 ns for B4N5. The rate constants for the 
radiative (kr) and nonradiative (knr) decays can be estimated from Φfl and τfl [63] and are included 
in Table 4.2. Both the kr and knr for the BnNn+1 oligomers increase linearly with length 
suggesting very little change in the radiative and nonradiative pathways from the S1 state due to 
the extended conjugation.  
4.3.2. Two-Photon Absorption (2PA) Spectroscopy  
 The 2PA spectra of the BnNn+1 oligomers can be viewed in Figure 4.4 with 
corresponding parameters listed in Table 4.3. The 2PA spectrum of B1N2 consists of one band in 
the visible and short near-IR spectral region with a 2PA maximum wavelength (λabs(2)) at ~730 
nm, along with a weak shoulder to the red of 800 nm corresponding to the S0→S1 transition via 
vibronic coupling. There is also a slight increase in δ in the 550-600 nm region, which can be 
attributed to pre-resonance enhancement due to the nearby one-photon transition [64]. The 




Figure 4.4. 1PA, fluorescence, and 2PEF spectra of linear borazine oligomers in 
dichloromethane. The solid black (—) indicates the 1PA spectrum; the 2PEF spectrum is 
represented by blue squares ( ); the solid red line (—) is the one-photon fluorescence spectrum 
(excitation wavelengths are λex = 390 nm). 
 
  






















































































































































































Table 4.3. Experimental two-photon spectroscopic parameters of BnNn+1 oligomers in 
hexane determined via 2PEF methods 
 B1N2 B2N3 B3N4 B4N5 
λabs(2)  (nm) a  732 730 730 730 
δmax  (GM)a 280 700 1,000 1,410 
a Maximum of the two-photon fluorescence excitation spectrum (λabs(2)) and peak two-photon 
absorption cross section (δmax); 1 GM ≡ 1 x 10-50 cm4⋅s/photon-molecule. 
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an increased separation of the 2PA and 1PA band positions. The increased S2 – S1 energy gap 
suggests stronger donor-acceptor coupling and ICT in the extended oligomers. The maximum 
2PA cross section (δmax) is significantly increased as the number of monomer units is increased, 
with δmax = 1410 GM for B4N5. A similar trend of increasing δ has been reported by Perry and 
coworkers [4] and is a result of an increase in transition dipole moment between the S0 and S1 
state along with a reduction in the detuning energy.  
As shown in Figure 4.5, a strong length dependence in δmax is observed as both 
parameters increase linearly with the addition of monomer units (n), which allows for strong 
electronic coupling between adjacent units. This is consistent with the idea that the δ is 
correlated to the distance over which a charge may be transferred [1, 4, 65]. A linear length 
dependence for εmax is also observed. However, when considering εmax/n and  δmax/n, the 
beginnings of the saturation of the linear and nonlinear absorption properties are observed at n>2. 
If we describe the length dependence of εmax and δmax with a simple power law (see Figure 4.6), 
we find the exponents to be 0.63 and 1.4, respectively, such that the following relations are 
determined:  εmax ∝ L0.63 and δmax ∝ L1.4, where L is the length of the oligomer. The saturation 
values for εmax and δmax are significantly smaller than those reported for heteroaromatic 
oligomers, such as oligothiphenes for which Thienpont et al. suggests demonstrates a saturation 
of the linear polarizability (α) and the second hyperpolarizability (γ) for n>7 [66]. Additionally, 
our values are smaller than the nECL = 5 reported for OBn [62]. 
The combination of electronic localization along with conformational disorder within the 




Figure 4.5. The length dependence of εmax, εmax /n, δmax and δmax /n observed in linear borazine 
oligomers. The dotted lines are only meant to guide the eye. 































































Figure 4.6. Normalized εmax and δmax vs number of monomer units (n). The lines represent 
power-law dependences with exponents of 0.63 and 1.4 for εmax and δmax, respectively. 
 
 
the fluorene groups of OBn, the phenylene linker between the aryl borane and aryl amine groups 
allow for twisting throughout the oligomer unit.  
4.3.3. Excited-State Absorption (ESA) and Transient Kinetics  
In order to understand changes in ESA due to the length of the BnNn+1 oligomers, 
transient absorption (TA) spectroscopy was performed following excitation at 415 nm. The 
representative TA spectra and kinetics recorded with B1N2 and B4N5 in hexane are depicted in 
Figure 4.7, Figure 4.8, and Figure 4.9.  
 All linear borazine TA spectra show bleaching in the 1PA band region due to the 
depletion of ground-state population, which is also referred to as ground state bleaching (GSB). 

























Negative ∆OD signals to the red of the 1PA band coincide with photoluminescence and were 
determined to be a result of stimulated emission (SE). Figure 4.8 shows intensity-normalized 
spectra of B1N2 in the GSB and SE spectral region recorded at early time delays. The dominant 
peak corresponds to the 0-0 vibronic transition observed in the steady-state fluorescence and the 
smaller intensity peak aligns with the λabs(1) of B1N2. The evolution of the TA spectra in this 
region shows a slight but continuous red-shift (~7 nm) of the SE band as the time delay increases 
to 100 ps, while the GSB band is stationary after 10 ps.  
 The changes in SE band position can be associated with the structural reorientation in 
relaxation of the S1 state. Although boryl groups arranged in main-chain functionalized 
conjugated systems have been found to be twisted relative to the conjugated π-system [60], the 
fluorescence spectra of the BnNn+1 oligomers suggest a highly planarized geometry in the 
lowest excited state [67]. Therefore, the changes observed in Figure 4.8 can be interpreted as 
solvent relaxation from the non-planar Franck-Condon state to the more planar equilibrium 
region of the S1 state. Similar ultrafast changes in SE bands have been observed in phenylene 
ethynylene oligomers which possess an extremely planar geometry in the S1 state [68].  
 Strong, broadband ESA over a range of 1150 nm in the visible and near-IR spectral 
region (ca. 450-1600 nm) is observed for all BnNn+1 oligomers. As shown in Figure 4.7, the 
ESA of all linear borazine oligomers overlaps with the GSB and SE of the chromophores. 
Comparing the ESA of B1N2 to B4N5, the absorbance maxima at 600 nm and 980 nm lose their 
structure and prominence in the longer oligomer. B4N5 also shows a slight increase in ∆OD at 






Figure 4.7. Femtosecond TA spectra of B1N2 (a) and B4N5 (b) in hexane. The samples were 
prepared at concentrations of 10-5M and were excited at 415 nm at 500 nJ/pulse. 
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Figure 4.8. Intensity-normalized TA spectra of B1N2 in the SE region. The 1PA and emission 
spectra (normalized to 0.6) have been overlaid with the TA spectra for comparison purposes. The 
sample was prepared in hexane at 75 µM and was excited at 415 nm at 500 nJ/pulse. 
 
Figure 4.9. Normalized transient kinetics of B1N2 and B4N5 in hexane. The multiexponential 
fits for all kinetic traces are depicted as solid lines and have been overlaid with the experimental 
data. Samples were prepared at 10-5 M concentrations were excited at 415 nm at 500 nJ/pulse. 
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the shorter ESA features in the visible (19,800 cm-1) and the broad ESA at ~1000 nm (2800 cm-1), 
the long-wavelength ESA is ascribable to transitions to a different excited-state.  
  Figure 4.9 shows transient kinetics of the GSB and ESA of B1N2 and B4N5. The ground 
state recovery kinetics for both oligomers show complex dynamics and were fitted with a 
triexponential function consisting of short, medium, and long components with a y-offset 
attributed to an unrecovered (or “infinite”) component, relative to the time window of the fs-
pulsed pump-probe experiment. For fittings of the GSB, the shortest time component, which can 
be assigned to the structural relaxation in the chromophore, shows an increase in amplitude and a 
decrease in time decay comparing B1N2 to B4N5 (~1 ps to 100 fs, respectively). A significant 
decrease in the medium and long time components is also observed as the oligomer is extended, 
with time constants varying from 160 ps and 1800 ps for B1N2 to 6 ps and 700 ps for B4N5. 
Both oligomers display a non-recovered offset, which may be attributed to the triplet-state 
population.  
The ESA decay kinetics of B1N2 and B4N5 show distinctly different dynamics. The 
decay of B1N2 is monoexponential with a lifetime of 1000 ps, while the decay kinetics of B4N5 
is well fitted with a triexponential function and time constants similar to the GSB of the molecule. 
The comparisons presented in Figure 4.9 would suggest that an increase in length of the oligomer 
results rapid decay to the more planar S1 configuration via solvent relaxation. This, in turn, leads 
to an increase in radiative and/or nonradiative decay to S0 rather than the generation of the triplet 
species. This is in accordance to the kr and knr values determined for B4N5, which are 
significantly larger than that of B1N2. 
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4.4. Solvent-Based Changes in the Steady-State and Ultrafast Characterization of Linear 
Borazine Oligomers 
 Further studies of the conformational and ICT character of linear borazine oligomers, 
steady-state absorption and emission, time-resolved fluorescence, and fs-TA measurements have 
been conducted in solvents with varying polarizability.  
4.4.1. Solvent-Based Steady-State Absorption and Fluorescence Measurements 
 While the 1PA of the BnNn+1 oligomers shows very little solvent-based changes, a 
strong positive solvatochromism is observed in the fluorescence of the chromophores, along with 
significant broadening of the emission band (Figure 4.10). The largest changes are observed in 
B1N2, where λfl is red-shifted by ~70 nm, comparing hexane to propylene carbonate (PC). 
Substantial solvatochromic shifts in fluorescence as large as 7300 cm-1 have been reported in 
triarylborane derivatives and are attributed to the large dipole moment of the excited state (~60 D) 
[61, 69]. The magnitude of the solvatochromic changes in λfl is reduced in the longer oligomer 
(B1N2 vs B4N5), suggesting a reduction in ICT character as the oligomer is extended. The Φfl  is 
also greatly affected due to the solvent medium and is reduced with increasing polarity (Table 
4.4).  
 Interesting solvatochromic effects are observed when considering the changes in 
emission as the oligomer is lengthened in nonpolar versus polar solvent environments (see 
Figure 4.11). For example, the bathochromic shift of λfl with chain extension observed in hexane 
becomes a hypsochromic shift in the more polar solvents. In addition to the changes in λfl, the 
emission band narrows as the oligomer is lengthened in the more polar solvents. The narrowing 
of the emission band along with the blue-shift of λfl as the oligomer is extended suggests that 




Figure 4.10. Normalized absorption and fluorescence spectra of BnNn+1 oligomers in solvents 
of varying polarity (top to bottom: B1N2, B2N3, B3N4, B4N5). This experiment was performed 







   
   
   
   
    
Figure 4.11. Solvatochromism observed in the normalized absorption and fluorescence spectra 
of the BnNn+1 oligomers. Top to bottom: hexane, toluene, CHCl3, CH2Cl2, and PC. This 













Table 4.4 Experimental fluorescence spectroscopic parameters and fluorescence lifetimes of linear borazine oligomers in select 
solvents 
 B1N2 B2N3 B3N4 B4N5 
 
HEX TOL DCM HEX TOL DCM HEX TOL DCM HEX TOL DCM 


























τfl (ns) b 2.04 2.40 3.92 1.89 2.11 3.02 1.70 2.15 2.60 1.69 2.09 2.41 
kr (108 s)b 3.79 3.92 1.22 3.46 3.89 1.69 4.23 3.62 1.96 4.24 3.69 2.24 
knr (108 s)b 1.11 0.25 1.33 1.83 0.85 1.62 1.65 1.03 1.88 1.67 1.09 1.91 
a Maximum fluorescence maximum wavelength (λfl) and fluorescence quantum yield, Φfl. The error reported is the standard deviation 
of the fluorescence quantum yields at different concentrations. bFluorescence lifetimes (τfl) and rate constants for radiative (kr) and 
nonradiative (knr) decay. Hexane, toluene, and dichloromethane have been abbreviated as HEX, TOL, and DCM, respectively. The 
highlighted hexane spectroscopic properties were taken from Table 4.2 and are presented here for comparison purposes. 
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4.4.2. Solvent Effects Analyzed via Lippert-Mataga Fitting 
 The results of solvent-dependent absorption and emission studies of the oligomers 
can be analyzed using the Lippert-Mataga equation given by [70] 
       𝜈𝐴 − 𝜈𝐹 =
2
ℎ𝑐𝑎3
Δ𝑓(𝜇𝐸 − 𝜇𝐺)2              (Eq 4.1) 
In this equation νA and νF are the absorption and emission maxima, respectively, 
measured in wavenumbers, and νA- νF is the Stokes shift of the molecule. The symbol h 
(=6.6256 x 10-27 ergs) is Planck's constant, c (=2.9979 x 1010 cm/s) is the speed of light, 
and a denotes the radius of the cavity in which the fluorophore resides. The symbols µG 
and µE denote the dipole moments in the ground and excited state, respectively. The 
variable ∆f is the orientational polarizability and is calculated from the permittivity (ϵ) 
and refractive index (ns) of the solvent. 





                (Eq 4.2) 
Figure 4.12 depicts the Stokes shift of the BnNn+1 oligomers plotted against the 
orientation polarizability of various solvents. According to Eq.4.1, the slope for each 
oligomer is correlated with the difference in the dipole moment in the excited state and 
the ground state (µΕ - µG).  
 A key observation is that the slope of the Lippert-Mataga plots decreases 
significantly with increasing chain length from B1N2 to B4N5. The very large Stokes 




Figure 4.12. (a) Lippert-Mataga plot for the organoborane oligomers (b) Plot of Lippert-
Mataga slope overlaid with a linear fit versus the number of repeating units in BnNn+1 
oligomers. This study was performed by the Frieder Jäkle group in the Department of 













shift is ~4600 cm-1 for 4-(dimesitylboryl)-N,N-diphenylaniline in tetrahydrofuran [60]). 
The reduction of the Stokes shift with increasing oligomer length is consistent with a 
decrease in the polarizability of the excited state as the ratio of D to A sites decreases 
from 2:1 for B1N2 to 5:4 for B4N5.  
4.4.3. Solvent-Dependent Time-Resolved Fluorescence Measurements  
 The results from solvent-based time-resolved fluorescence measurements are 
shown in Table 4.4. All oligomers show a substantial increase of τfl in DCM, relative to 
hexane, the largest of which was observed in B1N2 where a 2-fold increase in τfl was 
determined. The Φfl of all BnNn+1 oligomers is also affected by the solvent environment. 
Comparing Φfl values obtained in hexane to those determined in DCM, a reduction of 
fluorescence is observed as the solvent polarity is increased.  
 In toluene, there is a slightly different change in emission properties, such that a 
small increase in Φfl is observed when the oligomers are prepared in the polarizable 
solvent. While it is expected that the emission responses of the organoborane oligomers 
in toluene would be somewhat similar to those observed in hexane, we attribute 
deviations to the trend of decreasing Φfl  detected in toluene to intermolecular interactions 
that may occur in the solvent, such as π-π stacking [71]. Given the numerous aromatic 
groups in the BnNn+1 molecular structure, it is possible that π- π interactions between 
the solvent and the chromophore may lead to optical effects that are not entirely due to 
the polarity of the solvent medium.  
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 Reductions in Φfl along with increases in τfl result in a ~50% decrease in kr for all 
oligomers, when comparing hexane to DCM solvents, with the exception of B1N2 which 
shows a 30% reduction in kr. The nonradiative decay rate, however, is unaffected with 
solvent change.  
 The results from the steady-state and time-resolved fluorescence measurements 
reveal important information regarding the S1-S0 decay as a factor of solvent polarity. 
The reduction of kr and Φfl, would suggest that the radiative decay processes are less 
favored in polar solvent environments. This can be attributed to conformational changes 
in the oligomers as a result of the stabilization of the ICT state by the polar solvent. 
4.4.4. Solvent-dependent Excited-state Absorption and Transient Kinetics 
 Femtosecond TA spectroscopy was performed in various solvents following 
excitation into the lowest lying one-photon allowed state of all molecules. The TA 
spectra of the linear borazine oligomers are displayed in Figure 4.13. As shown in Figure 
4.13, solvent-induced changes in the ESA of the linear borazines are observed, 
particularly in the TA spectra of B1N2. In hexane and toluene, B1N2 shows two broad 
ESA bands with absorbance maxima at 480 nm and 980 nm. In DCM, however, the ESA 
of B1N2 overlaps with the SE of the chromophore, resulting in an ESA band with 
absorption maxima at 435, 700, and 900 nm at time delays >100 ps after the pump pulse. 
Similar ESA band shapes due to overlapping SE was detected for all oligomers dissolved 
in DCM. This is consistent with significant red-shift of the emission band that was 






Figure 4.13 Femtosecond transient absorption spectra of the oligomers in hexane, toluene, and dichloromethane (DCM). Excitation 























































































































































































Figure 4.14. Normalized fs-TA kinetics of BnNn+1 oligomers in various solvents. The fits for 
all kinetic traces are depicted as solid lines and have been overlaid with the experimental data. 
The oligomer and associated probe wavelength (λprobe) are indicated in the plot. Samples were 
prepared at 10-5 M concentrations were excited at 415 nm at 500 nJ/pulse. 
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The long-wavelength (1550 nm) ESA band observed in the TA of B4N5 in hexane is 
present for all BnNn+1 oligomers dissolved in DCM. Although the assignment of this band is 
presently not conclusive, it is possible that when placed in DCM, significant conformational 
changes allow for an electronic transition to a lower-energy singlet excited-state. It is also 
possible that the long-wavelength band is ascribable to the absorption of the BnNn+1 radical 
cation created by charge transfer from the oligomer to solvent. It is known that under high-
intensity pulsed excitation chlorinated solvents, such as DCM, allow for the photochemical 
generation of radical cations of organic molecules and the solvation of electrons [72]. Finally, the 
1550 nm band could also be associated with triplet-triplet ESA. Nanosecond TA, power-
.dependent TA, and electrochemical measurements are required to definitively assign this 
transition. 
Interesting solvent-based changes are also observed in the fs TA kinetics of the BnNn+1 
oligomers. For the shorter oligomers dissolved in DCM, larger y-offsets in the ground-state 
recovery and the excited-state decay are observed, relative to that of hexane. For the longer 
oligomers, the changes in the y-offsets between the nonpolar and polar solvents are not as drastic. 
Multiexponential fits of the recovery and decay kinetics show that the increased offset is not due 
to an increase in the amplitude of the "infinite" component but rather an increase in the time 
decay of a long-lived component that is closely associated with the τfl of the oligomers.  
4.5. Summary 
 We have explored the photophysical, 1PA, and 2PA characteristics of a family of linear 
organoboranes that have a quadrupolar and bent-dipolar structures. The 1PA and emission 
spectra indicate that there is a large degree of torsion in the ground-state conformation of the 
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BnNn+1 oligomers. The lowest excited state, however appears to have a much more planar 
conformation, especially for the longer oligomers. The oligomers exhibit large two-photon cross 
sections and a 2PA band that extends from the visible to the near-IR region. Broadband singlet-
singlet and triplet-triplet ESA from the oligomers was also observed.  
 Solvatochromic measurements revealed that the optical properties of the linear borazine 
dyes are highly sensitive to changes in solvent, especially in the emission properties of the dyes. 
Most notably, the shorter oligomers possess ICT transfer character, resulting in a 70 nm red-shift 
in the emission band going from nonpolar to polar medium. Additional changes are observed in 
the excited-state photophysics of the oligomers. The strong two-photon absorptivity of these 
organoborane chromophores would suggest that this family of oligomers indicates potential 
utility for several NLO applications. For example, the large δ values coupled with high Φfl 
indicates these organoborane oligomers are of interest for two-photon sensing applications. 
Furthermore, the overlap of the 2PA and ESA bands would suggest the oligomers are potential 
candidates for OPL applications. 
4.6. Experimental Details 
Materials. The synthesis of the BnNn+1  oligomers was carried out by the Frieder Jäkle 
group in the Department of Chemistry at Rutgers University. The synthesis details are presented 
in Appendix A.  
Electrochemical measurements were also carried out by the Frieder Jäkle group in the 
Department of Chemistry at Rutgers University. Cyclic voltammetry (CV) and square wave 
voltammetry (SWV) experiments were carried out on a BAS CV-50W analyzer. The three-
electrode system consisted of an Au disk as working electrode, a Pt wire as secondary electrode 
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and an Ag wire as a pseudo reference electrode. The voltammograms were recorded with ca. 10-3 
to 10-4 M sample solution in THF with Bu4N[PF6] (0.1 M) as the supporting electrolyte for the 
reduction and in CH2Cl2 with Bu4N[PF6] (0.1 M) for the oxidation scans. The scans were 
referenced after the addition of a small amount of ferrocene as an internal standard. The 
potentials are reported relative to the Fc/Fc+ couple. 
Spectroscopic measurements were performed using hexane, toluene, chloroform, 
dichloromethane, methanol, acetonitrile, and propylene carbonate (spectroscopic grade, Acros 
Organics). All solvents were degassed via several freeze-pump-thaw cycles for use with air-
sensitive compounds. All solutions were prepared under an atmosphere of prepurified nitrogen 
using either Schlenk techniques or an inert-atmosphere glove box. Coumarin 540A, (Laser dye 
grade, Exciton) was used as reference compounds for quantum yield and 2PA cross section 
measurements. 
Spectroscopic Measurements. UV-Vis. absorption spectra were measured with a UV-
Vis-NIR scanning spectrophotometer (UV-3101PC, Shimadzu). Peak molar extinction 
coefficients (εmax) were obtained in toluene from a linear regression analysis of absorbance 
versus the chromophore concentration using the Beer-Lambert equation. A spectrofluorometer 
(Fluorolog-2, Spex) was used for the measurement of fluorescence spectra. To obtain 
fluorescence spectra, all molecules were excited at their one-photon absorption maximum 
wavelength (λabs(1) ). All spectra have been corrected via subtraction of the scattering response 
from the solvent and the instrument’s spectral response. Low concentration solutions (10-6 M) 
were used for all steady-state fluorescence measurements to minimize inner filter effects. 
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Fluorescence quantum yields (Φfl) were determined using Coumarin 102 in methanol (Φstd=0.87) 
as a reference compound [73]. 
 Fluorescence lifetimes were measured using a LifeSpec II (Edinburgh Instruments) time-
correlated single-photon counting (TCSPC) system. In this measurement, a picosecond-pulsed 
diode laser (PicoQuant, LDH-P-C-375) with an excitation wavelength of 375 nm was used as an 
excitation light source. The detection system consisted of a high speed MicroChannel Plate 
PhotoMultiplier Tube (MCP-PMT, Hamamatsu R3809U-50) and TCSPC electronics. 
Femtosecond TA spectra and kinetic traces were measured with a commercially available 
broadband pump-probe spectrometer (HELIOS, Ultrafast Systems LLC) using a femtosecond 
Ti:Sapphire regenerative amplifier laser source (Solstice, Spectra-Physics, 800-nm, 3.7-W 
average power, 100-fs pulse width, 1-KHz repetition rate) and a computer-controlled optical 
parametric amplifier (OPA) (TOPAS, Spectra-Physics, wavelength range: 266-2290 nm, pulse 
width: ~75 fs HW1/e) pumped by the amplified laser. The excitation wavelength of 415 nm was 
generated using the output of OPA. The white-light continuum (WLC, 330-1600 nm) probe 
beam was produced by focusing less than 5% of the 800 nm amplified beam into a nonlinear 
crystal in the Helios. A chirp correction function for the WLC probe was determined using 
measurements of the non-degenerate nonlinear response of carbon tetrachloride and was applied 
to all transient spectra. All samples for TA measurements were prepared at concentrations of 
~10-5 M and were stirred continuously during measurements in 2 mm path-length fused silica 
cuvettes. 
2PA cross sections (δ in GM) were determined using an one-arm, dual-channel 
referential 2PEF technique with the femtosecond-pulsed laser excitation source mentioned 
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previously. The details of the experimental setup and method of analysis of the data is described 
elsewhere [74]. The reference standard used in the measurement was Coumarin 540A (Exciton 
Dayton, OH) in carbon tetrachloride [74]. All samples were prepared under atmosphere in 
degassed dichloromethane at a concentration of ~10-5 M and contained in 1 cm path-length fused 
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NONLINEAR OPTICAL PROPERTIES OF TWO-PHOTON 





 Metal nanoparticles (NP) have the ability to exhibit surface plasmon resonance 
(SPR) upon irradiation, arising from the collective oscillations of the electrons in the 
conduction band of the NP [1, 2]. Thus, metal NP can act as electric field intensifiers that 
may considerably enhance the linear and nonlinear optical properties of a material. This 
is particularly attractive in nonlinear processes such as two-photon absorption (2PA), 
wherein two photons are simultaneously absorbed by a material. Interest in materials that 
exhibit 2PA has been driven by the development of potential applications, such as three-
dimensional (3D) fluorescence microscopy [3], 3D microfabrication [4], photodynamic 
therapy [5], and optical power limiting (OPL) [6]. Although substantial efforts have been 
directed towards developing materials with large 2PA cross sections (δ), the 2PA process 
is inherently weak and requires high excitation with a focused beam. 
 Several researchers have demonstrated the ability of metal nanostructures to 
increase the two-photon absorptivity or two-photon excited fluorescence (2PEF) intensity 
of organic chromophores [7-9]. Kano et al. report that the presence of plasmon resonance 
results in a 90-times enhancement of the 2PEF signal from LD490/PMMA mixture 
deposited on planar silver film [10]. Glass and coworkers report of a 150-fold  
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Figure 5.1. Molecular structure of the two bis-donor chromophores considered in this 
work:  TPD and DST. 
 
enhancement from Rhodamine B molecules adsorbed onto silver particle films [11]. 
Perry and coworkers report a 2PEF enhancement factor as large as 105 for thiol 
containing dyes, attached to silver nanoparticle fractal clusters [12]. Exploiting 2PA 
enhancement effects due to SPR in photonic applications (such as those mentioned earlier 
in this dissertation) would allow for the potential of greater sensitivity and lower laser 
intensities to be utilized in various two-photon activated processes. 
 The exploitation 2PA enhancement effects due to SPR is of particular interest for 
photonic applications, such as OPL via two-photon initiated processes. In this work, we 
explore the notion of plasmon-enhanced OPL. It is our hypothesis that small sized metal 
nanoparticle aggregates dispersed at moderate concentration in a concentrated 
chromophoric solution could allow for both significant changes in the photophysics of the 
chromophore and the enhancement of nonlinear absorption of laser pulses. Here, we 
investigate the photophysical and nonlinear optical properties of two bis-donor 
chromophores, (bis(diarylamino)biphenyl (TPD) and bis(di-n-butylamino)distyryl,n-
hexylthiophene (DST), with and without the presence of AgNPs (see Figure 5.1). We 
also examine and compare the OPL properties of the 2PA dyes and dye/AgNP aggregates 
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solutions. Results from this study provide insight into the effectiveness of metal 
nanoparticles composite solution towards enhanced optical pulse suppression.  
5.2. Photophysical Characterization of TPD and DST 
5.2.1. One- and Two-Photon Absorption and Fluorescence Spectra  
 Figure 5.2 shows the one-photon absorption (1PA), 2PA, and fluorescence spectra 
of TPD and DST. The one-photon absorption wavelength maximum (λabs(1)) of DST (447 
nm) is red-shifted with respect to that of TPD (355 nm), consistent with the thiophene 
heterocycle being more electron-rich than the biphenyl π-bridge. The chromophores 
show strong linear absorption with similar peak molar extinction coefficients (εmax) on 
the order of ~5 x 104            M-1cm-1. TPD and DST are also highly fluorescent (η> 0.7) 
and have structured fluorescence emission spectra, characterized by a progression of 
peaks and shoulders, all of which suggest a relatively planar conformation of the lowest 
singlet excited state of the bis-donor chromophores.   
 Significant differences are observed in the 2PA characteristics of the dyes. As 
shown in Figure 5.2a, TPD shows modest 2PA in the visible spectral region with a 2PA 
cross section (δ) of ~90 GM (1 GM ≡ 1 x 10-50 cm4⋅s/photon-molecule) at a wavelength 
(λabs(2)) of 550 nm, not far from the peak wavelength. The 2PA of DST is much stronger 
than that of TPD, where a δmax of ~570 GM at ~730 nm is observed. Additionally, the 
2PA band of DST is much broader than that of TPD and extends into the near-IR region. 
Replacing biphenyl π-bridge conjugated vinyl linkers between terminal donor units with 
the more electron-rich thiophene heterocycle significantly enhances 2PA response of the 





Figure 5.2. 1PA, fluorescence, and 2PEF spectra of TPD (a) and DST (b) in toluene. The 
solid black (—) indicates the 1PA spectrum; the 2PEF spectrum is represented by blue 
squares ( ); the solid red line (—) is the one-photon fluorescence spectrum (excitation 
wavelengths for fluorescence experiments are λabs(1)).  








































































































Figure 5.3. Representative femtosecond TA spectra and kinetics of TPD (a and b) and 
DST (c and d) in toluene. Multiexponential kinetic fits are represented as solid lines and 
are overlaid with the experimental data. Excitation wavelengths were 350 nm and for 420 
nm for TPD and DST, respectively. Samples were prepared at 10-4 M and were excited at 
~600 nJ/pulse. 
  

























5.2.2. Excited-State Absorption (ESA) and Transient Kinetics 
In order to determine the ESA and dynamics of the two bis-donor chromophores, 
transient absorption (TA) spectroscopy was performed following excitation into the 
lowest lying one-photon allowed state of both dyes. Representative TA spectra and 
kinetics of TPD and DST obtained via femtosecond excitation are displayed in Figure 
5.3. 
As shown in Figure 5.3a, TPD exhibits strong singlet-singlet ESA with a 
structured band in the visible and a broader ESA band in the near-IR region. The singlet-
singlet ESA of DST is also highly structured and is characterized by a well-defined peak 
at ~840 nm as well as vibronic structure in the near-IR. The singlet ESA kinetic traces of 
TPD are depicted in Figure 5.3b and well reproduced by a biexponential function with 
short and long-lived decay components of 40 ps and 730 ps. DST shows slightly more 
complicated ESA dynamics, with kinetic decays that are best fit with a triexponential 
function with decay lifetimes of 0.34 ps, 20 ps, and 800 ps.  
The singlet-singlet ESA decays and triplet-triplet ESA in the visible is observed in 
both chromophores. The singlet-singlet and triplet-triplet ESA features of both TPD and 
DST overlap with their 2PA bands, suggesting these chromophores may exhibit effective 
OPL via 2PA-ESA processes in the visible and near-IR region.  
5.3. Solubility Characteristics of TPD and DST 
 Noticeable solubility differences are observed between the two bis-donor 2PA 
chromophores. TPD was determined to be moderately soluble toluene, for which a 










OLA = oleylamine  









Figure 5.5. TEM image of AgNPs synthesized via the Hiramatsu method [15]. TEM 
images were provided by Mr. Lucas Johnstone of the Perry Research Group in the Center 






of the chromophore, the solubility of TPD is a limiting factor for its usefulness in 2PA-
based application.  
 DST, however, exhibits exceptional solubility, over 1 M in several organic 
solvents. Moreover, the DST chromophores shows little aggregation in the 1PA 
spectrum, such that reasonably high transmissions (>60%) are obtained in small 
pathlength cells. This is very encouraging for the potential use of DST for 2PA 
applications, particularly for OPL device  
applications.  The high solubility of the DST dye, along with the reasonably large δ 
values, offer the potential of greater sensitivity, thus allowing for lower laser intensities 
to be utilized in various two-photon activated processes. 
5.4. Synthesis of Silver Nanoparticles and Their Aggregates 
 To investigate whether enhanced nonlinear absorption by plasmonic effects can 
give rise to enhanced solution-based OPL of pulsed laser systems, it is necessary to 
develop methods for the preparation of organic soluble aggregates of metal nanoparticles. 
AgNPs were prepared via a modified synthetic method reported by Hiramatsu et al. [15], 
which produces homogenous nanoparticles on a large scale with weakly bound protecting 
ligands (see Figure 5.4). This synthetic method produces 18 nm AgNPs with a narrow 
size distribution that are highly soluble in toluene (Figure 5.5). AgNP dissolved in 
toluene show a strong plasmon band at ~440 nm (see Figure 5.6). 
 In order for plasmon enhancement in the nonlinearity of a chromophore to occur, 
the 2PA of the dye must overlap with the plasmon resonance spectrum of the metal 
nanostructure. The 2PA bands of TPD and DST are at longer wavelengths than the 




Figure 5.6. 1PA of AgNP dissolved in toluene with different additions of BDT.  
 
 
size of the AgNPs by creating aggregates of the nanoparticles, thereby shifting the 
plasmon absorption band to longer wavelengths. Adding an aggregation inducing ligand 
to a solution of solvated AgNPs, such as benzene-1,4-dithiol (BDT), results in a fast 
exchange of ligands from the weakly bound OLA to the BDT. BDT provides two 
anchoring groups which result in the crosslinking of AgNPs. The resulting nanoparticle 
aggregates, which we denote as AgNP*, are linked in a branching arrangement and are 
mildly soluble in organic solvents (Figure 5.7). Figure 5.6 shows the changes in 1PA as 
differing amounts of BDT are added to the AgNP solution. Because of the reduction in 
concentration of single AgNP and the increase in concentration of aggregate metal 
structures, the strong plasmon absorption  
 



















 AgNP: 10 µL BDT
 AgNP: 15 µL BDT












Figure 5.7. Cartoon depiction (top) and TEM image (bottom) of aggregated AgNPs 
obtained via aggregation-inducing BDT. TEM images were provided by Mr. Lucas 
Johnstone of the Perry Research Group in the Center for Organic Photonics at the 
















Figure 5.8. 1PA of TPD, AgNP*, and TPD-AgNP* composite solution. The 2PA of 
TPD is overlaid with the 1PA of the samples as a reference. 
 
 
Figure 5.9. Normalized fluorescence decays collected at 375 nm excitation for toluene 
solutions of TPD and TPD-AgNP* solutions.  






















Figure 5.10. Representative TA spectra (a) and kinetic decay (b) of TPD and TPD-
AgNP aggregate solutions. Samples were prepared in toluene and were excited at 350 nm 
at 500 nJ/pulse. 
 
band at 440 nm was reduced and the plasmon absorption band was broadened and 
extends to wavelengths >1100 nm.  
5.5. Photophysical characterization of TPD in the presence of AgNP Aggregates 
 The 1PA spectra of TPD, AgNP*, and TPD-AgNP* prepared in toluene are 
presented in Figure 5.8. TPD solutions were prepared at their highest concentration 
possible (100 mM) as a means to increase the dye-nanoparticle interaction. The addition 
of BDT to the AgNP solution resulted in a broad plasmon absorption band that overlaps 
well with the 2PA of TPD.  
 Time-resolved fluorescence and fs-TA measurements were performed on AgNP*-
TPD composite solutions in order to understand how the photophysics of the dye is 
affected by the presence of metal particles. Figure 5.9 depicts the fluorescence decay of 
TPD and TPD-AgNP* composite solutions. Analysis of the decay curve measured for a 
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toluene solution of TPD revealed a monoexpontential decay lifetime of 1.3 ns. Adding 
AgNP* to the TPD solution results in very little change in the fluorescence decay curve. 
The fluorescence decay curve of the TPD-AgNP* solution is fit with a monexponential 
decay and shows a slight reduction in decay time to 1.1 ns, relative to neat the TPD 
solution.  
 The results of TA measurements performed on solutions of neat TPD and TPD-
AgNP aggregates are shown in Figure 5.10. Similar to the time-resolved fluorescence 
measurements, very little change was observed in the TA spectra of TPD in the presence 
of AgNP*. There is a slight difference in the intensity of the ESA bands; however, this 
can be attributed to the plasmon absorption in this spectral region. No considerable 
changes were also noted in the ESA decay kinetics comparing the TPD neat solution to 
the TPD-AgNP aggregate composite solution.  
 The lack of changes in the excited-state absorption and decay of TPD in the 
presence of metal nanoparticles and their aggregates is contrary to what has been reported 
by other authors. Particularly, Malicki et al. report of large changes in the photophysics 
associated with gold nanoparticles coated with TPD-based thiols with alkyl spacers 
between the chromophore and the surface of the nanoparticle [16]. The authors find that 
positioning the TPD in close proximity of the gold nanoparticle via short alkyl linkers 
results in significant changes to the ultrafast dynamics of the excited states of the dye, 
including significant quenching of the fluorescence decay lifetime and the formation of a 
TPD-cation species upon excitation. The lack of changes in our TPD-AgNP* composite 




     
Figure 5.11. Two-photon induced fluorescence (2PEF) signal (a) and power dependence 
of 2PEF signal at 420 nm after excitation at 650 nm. Samples were prepared in toluene 
with TPD at 100 mM.  
 
quenching or photooxidation due to energy or electron transfer to the metal nanoparticle 
[17, 18]. 
 
5.6. Plasmon Enhancement in the Nonlinear Behavior of TPD 
 
 As a means to determine the plasmon effect on the nonlinear absorption of TPD, 
the two-photon excited fluorescence (2PEF) signal was monitored after exciting directly 
into the 2PA band of the material (650 nm). For 2PEF measurements, the sample cell 
pathlength was reduced to 1 mm to reduce attenuation of the excitation beam due to 
plasmon absorption in the 2PA spectral region. As shown in Figure 5.11a, a substantial 
1.6-enhancement in 2PEF signal is observed comparing the TPD-AgNP* solution to the 
neat TPD solution. Power-dependent measurements shown in Figure 5.11b confirm that 
the fluorescence signal is purely due to two-photon excitation. This increase in 2PEF 
would suggest stronger 2PA from the TPD chromophores due to plasmon enhancement 
effects.  
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Figure 5.12. OPL curves of 100 mM solution of TPD (black), AgNP aggregates (green), 
the composite mixture of 100 mM solution of TPD and AgNP aggregates (red) and the 
product of TPD solution with suspension of AgNP aggregates (navy). The top plot (a) 
depicts the OPL curves in terms of input and output energy, while the bottom plot (b) 
shows the transmission dependence on the incident energy. The ETh for each solution is 






Table 5.1. Energy threshold (ETh) and figure-of-merit (FOM) values for optical limiting 
studies at 532 nm on solutions of TPD, AgNP aggregates, TPD-AgNP aggregate 
composite, and the product of TPD and AgNP aggregate energy-dependent curves in 
toluene 
 TPD AgNP* TPD-AgNP* Product of TPD and AgNP* 
ETh 100 µJ 132 µJ 47 µJ 53 µJ 
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5.7. Optical limiting of TPD in the presence of AgNP Aggregates 
 The influence of AgNP* on the OPL of nonlinear medium has been studied using 
nanosecond laser excitation at 532 nm with the beam focused in the center of a 1 cm 
cuvette. TPD solutions were prepared in toluene at concentrations of 100 mM.  AgNP* 
prepared using BDT as the aggregating agent were dispersed in toluene at a concentration 
chosen to obtain reasonable transmittance at 532 nm.   
We can compare the OPL performance of the chromophore and metal 
nanoparticle co-solutions by quantifying the nonlinear response in terms of the energy 
threshold (ETh) value and optical pulse suppression figure-of-merit (FOM) given by the 
following equations 
                 ETh= TLin/2                       (Eq 5.1) 
                 FOM = TLin/TF                       (Eq 5.2) 
where TLin is the linear transmittance at the excitation wavelength and TF is the final 
transmittance of the sample before saturation or optical breakdown. The ETh values are 
displayed in Figure 5.12b as dotted vertical lines. The values are also displayed in Table 
5.1. 
 TPD solutions show high transparencies (~99%) at 532 nm, which is a desirable 
characteristics for an optical limiting material. The energy-dependent transmittance 
curves of the TPD neat solution are characterized by a high turn-on energy and a 
subsequent steep reduction of the transmittance. Such energy-dependent curves are 
indicative of a limiting mechanism involving 2PA-ESA, which is expected given the 
overlap of the 2PA and ESA bands of the material. Optical suppression is also observed 
in AgNP* solutions and is likely attributed to nonlinear scattering; however, as shown in 
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Figure 5.12a, the suppression of the output energy from the AgNP* solution does not 
compare to that observed with neat TPD. The FOM values, however, suggest that overall 
suppression is greater in AgNP* solutions compared to the neat TPD solutions. This is 
primarily due to the relatively low TLin of AgNP* solutions.  
 As shown in Figure 5.12a, the composite mixture shows a reduction in ETh 
relative to that of the AgNP* and neat TPD in solution. The product of the TPD and 
AgNP aggregated OPL curves is shown in Figure 5.12b. Assuming there is no interaction 
between the chromophore and the nanoparticles, the product of the individual 
components should overlap with the curve of the TPD-AgNP aggregate co-solution. 
Indeed, there is good agreement between the two OPL curves, suggesting that no 
enhancement of OPL occurs and that the improved response is a combination of the two 
limiting processes of TPD and AgNP*. The results from the OPL measurements would 
suggest that no considerable enhancement of OPL is achieved in the TPD-AgNP* 
solution in comparison to the neat TPD solution. This is somewhat puzzling as a 1.6-
enhancement in 2PEF (hence an enhancement in the 2PA of the chromophore) was 
observed when TPD was in the presence of AgNP aggregates (see Figure 5.11a). One 
reason that no enhancement of OPL was observed can be attributed to the low TLin of the 
dye-nanoparticle composite solution. 2PA-intiated processes occur high intensity in a 
small local volume. The high attenuation of the composite solution may prevent efficient 
two-photon excitation of TPD molecules, thus minimizing the concentration of dye 
molecules that will undergo 2PA-ESA.  
 Another possible reason for the absence of plasmon-enhanced OPL may be 
attributed to the low δ values and low solubility of the TPD dye. The maximum 2PA 
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cross section of TPD is relatively small compared to other D-π-D chromophores. 
Additionally, the maximum concentration of TPD in toluene is 100 mM. In order to 
realize the benefits of plasmon-enhanced OPL, the dyes and nanoparticles must be in 
close enough proximity to interact, thus, additional 2PA dyes must be considered that are 
highly soluble, possess reasonably strong two-photon cross sections, and can exhibit OPL 
in a small pathlength sample cell in order to reduce attenuation from the AgNP plasmon 
absorption.  
5.8. Optical Power Limiting of DST 
 To determine the optical limiting capabilities of DST, experiments were 
performed using nanosecond- pulsed excitation on solutions at four representative 
wavelengths covering the visible and near-IR spectral region. The OPL curves are shown 
in Figure 5.13. Because the dye is a viscous liquid at room temperature, extremely high 
concentrations of 1.5 M of DST solutions in toluene were achieved. OPL Measurements 
were performed in a 1 mm pathlength cell.  
 DST shows exceptionally high linear transmittances (TLin > 65%) at high 
concentrations for all wavelengths considered in the OPL measurement. Attenuation due 
to nonlinear absorption begins at reasonably low energies, particularly at 620 nm, where 
deviation from the linear transmission is observed at ~1 µJ and a ETh of 13 µJ was 
determined. The optical suppression of the nanosecond pulses was substantial throughout 




Figure 5.13. Ns-pulsed OPL of solutions of DST at various wavelengths across the 
visible and near-IR spectral region. The DST was prepared in toluene at 1.5 M and 







Table 5.2. Energy threshold (ETh) and figure-of-merit (FOM) values for wavelength-
dependent optical limiting studies on solutions of DST (1.5 M) in toluene 
 620 nm 680 nm 730 nm 770 nm 
ETh 13 µJ 28 µJ 38 µJ 33 µJ 



























                     
Figure 5.14. (a) Molecular structure of 2-napthalenethiol (NPT) and the energy-
dependent curves of AgNP aggregates created via NPT in toluene after nanosecond-
pulsed excitation at 730 nm. 
 
 The energy-dependent transmittance curves of DST at 620 nm are characterized 
by relatively low TLin values along with a gradual reduction in transmittance as the input 
energy is increased, suggesting a 1PA-ESA contribution to the limiting mechanism. At 
longer wavelengths, the OPL curves show high TLin values along steep reduction of the 
transmittance at higher energies, which are indicative of a limiting mechanism involving 
2PA-ESA. 
5.9 Preparation of AgNP Aggregates with Plasmon Absorption in the near-IR 
 
 OPL measurements of DST solutions show that effective 2PA-based limiting 
occurs in the longer wavelength (>680 nm). In order to study the proposed plasmon-
enhanced OPL of the DST chromophore, AgNP* that exhibit plasmon absorption at 
longer wavelengths were synthesized. Because AgNP* created with the use of BDT show 
plasmon  
absorption at relatively shorter wavelengths (λabs(1)= 500-600 nm), a different aggregating 
agent was utilized. 2-napthalenethiol (NPT) has been shown to create metal nanoparticle 
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0.6












aggregates that absorb at longer wavelength due to the π- π stacking of the NPT, and was 
used to create AgNP aggregates that show plasmon absorption in the near-IR.  
 To achieve substantial plasmon absorption in the near-IR in a 1 mm pathlength 
cell, high concentrations of the AgNP aggregates were required. Unfortunately, the 
aggregates do not show good solubility at these concentrations. Nanosecond-pulsed OPL 
measurements of the AgNP aggregates made using NPT were performed at 730 nm, 
during which the nanoparticle aggregates showed saturable absorption. The instability of 
the nanoparticles in solution along with their saturable absorption behavior at high 
intensities suggest that AgNP aggregates created using this method are not effective for 
OPL. An alternative is to use a different aggregating agent that would allow for better 
stability at high concentrations. Another alternative is to use a different metal 
nanoparticle with a plasmon absorption closer to the 2PA band of DST, such as gold 
nanoparticles. 
5.10. Summary 
 In summary, we have presented the photophysical and nonlinear characterization 
of 2PA dyes in the presence of silver nanoparticles and their aggregates for the possibility 
of plasmon-enhanced OPL. AgNPs that are highly soluble in organic solvents were 
synthesized. Aggregates of these AgNPs created by a ligand exchange with an 
aggregating agent exhibit plasmon absorption from the visible to the near-IR spectral 
region. The overlap of the plasmon absorption band with that of the 2PA band of our 
candidate 2PA dyes allowed for an exploration into the optical effects of on the 
photophysical and nonlinear absorption properties of 2PA dyes in the presence of metal 
nanoparticle aggregates. In the case of TPD, time-resolved fluorescence and TA 
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measurements revealed that the dye-nanoparticle interaction was not strong such that no 
appreciable changes in photophysics was observed. Two-photon induced fluorescence 
measurements did, however, show a 1.6-increase in the 2PEF signal of the chromophore, 
suggesting a considerable increase in 2PA due to the presence of the nanoparticle. OPL 
studies showed that TPD in the presence of AgNP aggregates exhibited effective OPL of 
ns pulses, with a reduction of threshold energy relative to solutions of the neat 
chromophore. Further analysis of the energy-dependent curves revealed that the co-
solution of dye and nanoparticle overlaid well with the product of the individual 
components, suggesting there is effectively no interaction between the dye and the 
nanoparticle that would result in enhanced suppression. 
 Additional experiments were performed on a liquid dye, DST, which showed 
exceptional high solubility of 1.5 M in toluene. AgNP aggregates were created that 
exhibited a plasmon absorption band that overlaid with the 2PA of DST; however, the 
nanoparticle aggregates were unstable at the high concentrations necessary for OPL in a 
small pathlength cell. Furthermore, the AgNP aggregates showed saturable absorption at 
high energy. Future work would include creating highly soluble and photostable 





5.11. Experimental Details 
Materials. The silver nanoparticles were synthesized according to a modified 
method reported by Hiramatsu and coworkers [15]. The details of the synthesis method is 
described elsewhere [19]. Solutions of silver nanoparticles dissolved in toluene at a 
concentration of ~40mg/L were obtained from the synthetic process. BDT-silver 
nanoparticle aggregates were created by additing 50 µL of a BDT stock solution of 15 
mM prepared in toluene to 30 µL of the AgNP stock solution, along with 100 µL of 
toluene. NPT-silver aggregate solutions were prepared in a similar fashion, using 200 µL 
of a 10 mM NPT stock solution prepared in toluene, along with 200 µL of the AgNP 
stock solution. BPT and NPT were purchased from Aldrich. 
Spectroscopic measurements were performed using toluene (spectroscopic grade, 
Acros Organics). Coumarin 485, (Laser dye grade, Exciton) was used as reference 
compounds for quantum yield and 2PA cross section measurements [20]. 
Spectroscopic Measurements. UV-Vis. absorption spectra were measured with a 
UV-Vis-NIR scanning spectrophotometer (UV-3101PC, Shimadzu). Peak molar 
extinction coefficient (εmax) values were obtained in toluene from a linear regression 
analysis of absorbance versus the chromophore concentration using the Beer-Lambert 
equation. A spectrofluorometer (Fluorolog-2, Spex) was used for the measurement of 
fluorescence spectra. To obtain fluorescence spectra, all molecules were excited at their 
one-photon absorption maximum wavelength (λabs(1) ). All spectra have been corrected via 
subtraction of the scattering response from the solvent and the instrument’s spectral 
response. Low concentration solutions (10-6 M) were used for all steady-state 
fluorescence measurements to minimize inner filter effects.  
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 Fluorescence lifetimes were measured using a LifeSpec II (Edinburgh 
Instruments) time-correlated single-photon counting (TCSPC) system. In this 
measurement, a picosecond-pulsed diode laser (PicoQuant, LDH-P-C-375) with an 
excitation wavelength of 375 nm was used as an excitation light source. The detection 
system consisted of a high speed MicroChannel Plate PhotoMultiplier Tube (MCP-PMT, 
Hamamatsu R3809U-50) and TCSPC electronics. 
Femtosecond TA spectra and kinetic traces were measured with a commercially 
available broadband pump-probe spectrometer (HELIOS, Ultrafast Systems LLC) using a 
femtosecond Ti:Sapphire regenerative amplifier laser source (Solstice, Spectra-Physics, 
800-nm, 3.7-W average power, 100-fs pulse width, 1-KHz repetition rate) and a 
computer-controlled optical parametric amplifier (OPA) (TOPAS, Spectra-Physics, 
wavelength range: 266-2290 nm, pulse width: ~75 fs HW1/e) pumped by the amplified 
laser. The excitation wavelength was generated using the output of OPA. The white-light 
continuum (WLC, 330-1600 nm) probe beam was produced by focusing less than 5% of 
the 800 nm amplified beam into a nonlinear crystal in the Helios. A chirp correction 
function for the WLC probe was determined using measurements of the non-degenerate 
nonlinear response of carbon tetrachloride and was applied to all transient spectra. All 
samples for TA measurements were prepared at concentrations of ~10-5 M (unless 
otherwise noted) and were stirred continuously during measurements in 2 mm path-
length fused silica cuvettes. 
2PA cross sections (δ in GM) were determined using a one-arm, dual-channel 
referential 2PEF technique with the femtosecond-pulsed laser excitation source 
mentioned previously. The details of the experimental setup and method of analysis of 
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the data is described elsewhere [20]. All samples were prepared under atmosphere in 
degassed dichloromethane at a concentration of ~10-5 M and contained in 1 cm path-
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CONCLUSIONS AND FUTURE OUTLOOK 
 
This dissertation presented the investigation of a set of conjugated molecules and 
polymer systems in order to understand their photophysical and nonlinear optical absorption 
response, as well as to show their usefulness in NLO applications, particularly optical power 
limiting (OPL). 
As described in Chapter 1, conjugated organic materials show large nonlinearities, offer 
the ability for facile structural modification and processability in comparison with inorganic 
semiconductors. The material properties of organic conjugated systems allow for potential 
fabrication of NLO devices via relatively low cost solution processing. For these reasons, studies 
of the molecular and bulk optical properties of organic conjugated systems are essential to further 
the use of organic materials for NLO applications. 
In Chapter 3, we discuss a structure modification approach towards increasing the 
efficacy of conjugated organic polymers for OPL. The addition of conjugated side-arms in a 
cruciform-like configuration to a PPE polymer backbone resulted in significant changes in the 
1PA, 2PA, ESA band positions and bandwidths, as well as the photophysics of the co-polymers. 
These changes resulted in improved optical suppression of nanosecond laser pulses, as well as the 
bandwidth over which 2PA-ESA processes can occur efficiently, relative to the unsubstituted 
PPE polymer. These structure-property correlations provide a means for tailoring the optical 
properties of conjugated polymer systems for OPL applications. Although, the FOMs determined 
in Chapter 3 are far from those required for commercial-viable OPL devices, the cruciform design 
strategy can be applied to different conjugated polymer systems, such as poly(phenylene 
vinylene), that are more easily processable and possess stronger nonlinearities that PPEs. 
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Consequently, we suggest that further improvement of conjugated polymer 2PA and ESA 
properties may be achieved that could lead to much larger FOMs, and furthermore, in conjunction 
with optimized optical limiter device designs, the OPL FOM may be appreciably enhanced. 
In Chapter 4, we investigated the intermolecular charge transfer and 2PA properties of a 
set of organoborane oligomers. These systems provided a set of pπ-conjugated oligomer systems, 
that have alternating donor and acceptor units with both a quadrupolar and dipolar charge 
distribution, although the 2PA spectra evidence the dominance of the quadrupolar character on 
the 2PA properties.  2PA cross sections for the longest oligomer reached a sizable value of ~ 
1400 GM, which could have utility in sensing and photonic applications.  The scaling of the 2PA 
cross section as a function of the number of oligomeric units was determined. 2PA cross sections 
for the longest oligomer reached a sizable value of ~ 1400 GM, which could have utility in 
sensing and photonic applications.  Furthermore, our studies showed that the degree of charge 
transfer character in these systems diminished with increasing number of oligomers.  Future 
studies could utilize these oligomers in two-photon excited fluorescence in the detection of 
groups that can coordinate with the triarylborane and triarylamine groups, such as cyanide anion, 
borane or organoboranes, and others.  There are also possibilities for detection of H2 via 
heterolytic dissociation or for storage of H2.  
In Chapter 5, we studied the changes in the photophysics and nonlinear response of 
quadrupolar 2PA dyes due to presence of metal nanoparticles. While little changes were observed 
in the photophysics of the dye-nanoparticle composite solutions, an increase in two-photon 
excited fluorescence was detected. Optical limiting measurements revealed a significant reduction 
in threshold energy that can be attributed to the combination of limiting process of 2PA dyes and 
nanoparticles. In Chapter 5, we also investigated characterize a highly soluble 2PA chromophore, 
DST, that shows exceptional solubility in a variety of organic solvents and exhibits broadband 
optical suppression of nanosecond laser pulses in the visible and near-IR region. The silver 
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nanoparticle aggregates studied in this work proved to be ineffective for pulse suppression at high 
concentrations in the visible region.  
Future studies that include the use of better controlled silver nanoparticle assemblies that 
provide much stronger local field enhancements at the wavelength of the 2PA-ESA processes.  
The use of alternative metal nanoparticles, such as gold nanoparticles, whose plasmon band 
overlaps well with the 2PA band of the DST chromophore could prove most intriguing.  Another 
potential avenue for future research would include the use of smaller (~3 nm) nanoparticles to 
minimize the volume fraction of metal and reduce optical scattering, which has been a problem 





SYNTHETIC INFORMATION OF LUMINESCENT DONOR-
ACCEPTOR-DONOR TYPE BORAZINE OLIGOMERS 
 
A.1. Introduction 
This work discussed in Chapter 5 is part of a collaborative effort between Ariel Marshall 
and Dr. San-hui Chi of the Joseph Perry group at the School of Chemistry and 
Biochemistry at the Georgia Institute of Technology and Xiaodong Yin and Dr. 
Pangkuan Chen of the Frieder Jäkle group in the Department of Chemistry at Rutgers 
University. The synthesis of the oligomers and additional was conducted by the Jäkle 
group and is included here for additional background on this set of oligomers (Chart A.1). 
A.2. Synthesis of Oligomers  
 Retrosynthetic analysis of the targeted ambipolar oligomers (BnNn+1) suggests 
that chain extension to give larger oligomers should be readily achieved by activation of 
the trimethylsilyl end-capped triarylamine building block with BBr3 as a boron source in 
a Si/B exchange reaction, followed by selective Sn/B exchange using two equiv of the 
bifunctional reagent 1-SiSn (Scheme A.1). Subsequent stabilization of the boron center is 
accomplished by introducing bulky aryl groups using the copper reagent TipCu (Tip = 
2,4,6-triisopropylphenyl) in refluxing toluene. Standard isolation of the crude samples 
followed by purification using preparative size-exclusion column chromatography on 
Bio-beadsTM and subsequent recrystallization afforded the spectroscopically pure 





Figure A.1. Examples of well-defined conjugated oligomers with electron donor and 
electron acceptor moieties and structures of BnNn+1oligomers. 
 
 





powdery solids in good yields. The products are reasonably stable in air and moderately 
soluble in non-polar aliphatic hydrocarbons, but well soluble in chlorinated and aromatic 
solvents. 
 The structures of the oligomers were verified by high-resolution MALDI-MS, 
which in all cases showed the molecular ion peaks (Table A.1). Monodisperse GPC 
traces (Đ = 1.01) ascertained the high purity of the samples (Figure A.1). The number 
average molecular weights (Mn) match the corresponding calculated values very well, 
although they are measured relative to narrow low molecular polystyrene standards. 
 
 







Table A.1. Summary of GPC-RI and MALDI-MS Data 
 Formula Mth MMS Mn, GPC Mw, GPC Đ [a] 
B1N2 C65H83BN2Si2 958.62 958.62 992 1003 1.01 
B2N3 C102H127B2N3Si2 1471.98 1471.98 1608 1622 1.01 
B3N4 C139H171B3N4Si2 1985.34 1985.33 2078 2109 1.01 
B4N5 C176H215B4N5Si2 2498.70 2498.68 2807 2838 1.01 
[a] Đ = Mn, GPC / Mw, GPC 
  
 Spectroscopic characterization by multinuclear NMR corroborated the proposed 
structures. Integration of the proton signals in the 1H NMR spectra of the higher 
oligomers confirmed gradual chain elongation (Figure A.2). For example, the integral 
ratio between the protons due to the Tip groups at 6.96 ppm and the terminal phenylene 
protons adjacent to the silyl groups at 7.40 ppm increases from 2:4 (B1N2) to 4:4 
(B2N3), 6:4 (B3N4) and 8:4 (B4N5). Two-dimensional NMR data were acquired for 
B1N2, and NOE correlations between the aromatic protons and the t-Bu, SiMe3, and i-Pr 
substituents allow for unequivocal signal assignments. The presence of broad 11B NMR 
signals at ca. 70 ppm is consistent with boron in a tricoordinate environment and the 
number of quadrupole-broadened (Figure A.3), boron-bound carbons in the 13C NMR 
matches the expected one. Sharp singlet peaks at ca. –4 ppm in the 29Si NMR spectra 














 Ariel Marshall was born in Benton, Arkansas. She completed her undergraduate 
work at the University of Central Arkansas where she received her Bachelor of Science in 
Chemistry in 2008. For her Ph.D. pursuit, Ariel matriculated into the Georgia Institute of 
Technology School of Chemistry and Biochemistry. Currently, she is a research assistant 
in Prof. Joseph Perry's laboratory where her research focuses on the structural, electronic 
and optical properties of organic conjugated small molecule and polymer systems with 
potential applications in electronics, photonics and photovoltaics. 
 
